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ABSTRACT 
 
Gasoline spills are sources of groundwater contamination.  In the event of a spill, 
timely remediation efforts can advert most of the potential groundwater contamination 
due to the immiscibility of gasoline in water.  Ethanol functions as a cosolvent that can 
increase the solubility of gasoline in water.  Therefore, the risk of groundwater 
contamination in the event of a fuel spill increases as the ethanol content in automobile 
fuels increases.  This study examines the effect fuel spill size and ethanol content has on 
the quantities of toluene, ethylbenzene, m-xylene and o-xylene (TEMO) that dissolve into 
the aqueous phase at equilibrium.  Laboratory experiments were preformed to determine 
the mass fractions of TEMO in waters that were in contact with various volumes of 
gasoline and ethanol.  UNIFAC is a model capable of predicting the concentrations of 
TEMO in the aqueous phase of a gasoline-ethanol-water system at equilibrium.  In this 
study, the generalized UNIFAC-LLE method, designed for chemical engineering 
applications, was used to model the laboratory experiments.  New UNIFAC-LLE 
parameters were developed to improve the model’s accuracy in predicting the solubilities 
of aromatic species in ethanol-water mixtures.  The new UNIFAC-LLE parameters were 
also used to model the laboratory experiments.  The modeled results were compared to 
the analogous laboratory experiments.  The UNIFAC-LLE parameters developed in this 
study improved the model’s accuracy in predicting the solubilities of TEMO when the 
aqueous ethanol mass fraction was between 0.114 and 0.431. 
 
 
 
  
VI 
 1
INTRODUCTION AND BACKGROUND 
 
Gasoline is the generic term for petroleum fuel used mainly for internal 
combustion engines.  A typical gasoline may contain more than 1200 different 
hydrocarbon compounds (American Petroleum Institute, 1991).  The composition of 
gasoline can vary substantially due to crude oil origin, differences in refinery techniques, 
and the presence of additives designed to meet performance specifications. 
Gasoline spills are a serious environmental concern.  If gasoline dissolves into 
groundwater, the dissolved gasoline may contaminate drinking water aquifers.  
Groundwater is an important water supply for urban and rural areas throughout the world.  
In the year 2000, more than 60% of the municipalities in Brazil used groundwater as a 
drinking water supply (Corseuil et al., 2003).  Accidental ingestion of concentrated 
gasoline through subsurface drinking water supplies is unexpected in the United States 
because state and federal laws mandate significant distances between drinking water 
wells and petroleum storage and distribution points.  Gasoline spills are expected to be 
diluted by groundwater through torturous mixing in porous media prior to reaching 
drinking water wells.  Additionally, the solubilities of most hydrocarbons are small, but 
still of concern because the maximum allowable concentration of regulated gasoline 
constituents in drinking water are also small. 
The Environmental Protection Agency (EPA) created the National Primary 
Drinking Water Regulations (NPDWR) in order to set maximum contamination limits 
(MCLs) for organic chemicals in public drinking water supplies.  The MCLs were created 
to protect against the potential health effects of ingesting these organic chemicals.  The 
EPA lists benzene, toluene, ethylbenzene, m-xylene, p-xylene and o-xylene (BTEX) as 
organics chemicals which may contaminate drinking water supplies through leaching 
from gasoline storage tanks, discharge from petroleum refiners, and leaching from 
surface gasoline spills.  The NPDWR MCLs for benzene, toluene, ethylbenzene and total 
xylenes are 0.005, 1.0, 0.7, and 10 mg/L, respectively (EPA, 2001). Ingestion of benzene 
is associated with anemia, a decrease in blood platelets, and an increased risk of cancer.  
Ingestion of toluene or ethylbenzene is associated with damage to the nervous system, 
kidneys, and liver.  Ingestion of any of the xylenes is associated with damage to the 
nervous system (EPA, 2001).  Benzene, toluene, ethylbenzene, and xylenes are the most 
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water-soluble and potentially harmful hydrocarbons found in gasoline (American 
Petroleum Institute, 1991). 
 The Clear Air Act Amendments of 1990 require areas of the United States to add 
oxygenates to gasoline in order to reduced air pollution.  Oxygenates, such as MTBE and 
ethanol, are fuel additives that contain oxygen.   The purpose of oxygenates is to boost 
the octane of gasoline, enhance combustion, and reduce exhaust emissions.  Prior to 
2003, methyl tert-butyl ether (MTBE) was the most widely used gasoline oxygenate.  By 
2003, the use of ethanol in the transportation sector had surpassed MTBE (U.S. 
Department of Energy, 2008).  The change in oxygenate preference occurred for mainly 
two reasons.  One reason was the liability concerns in relation to the possible health 
effects of MTBE.  The second reason was significant federal subsidies on the purchase of 
ethanol as a fuel. 
In 2006, most cars and sports utility vehicles in the US were capable of running 
on gasoline blends of up to 10 percent volume ethanol.  Ford, DaimlerChrysler, and GM 
automobile manufactures all produce motor vehicles designed to run on gasoline blends 
of up to 85 volume percent ethanol (E85).  In 2006, there were approximately six million 
E85-compatible vehicles in the U.S. (Worldwatch Institute, 2006).  By 2008, all of the 
states which implemented an oxygenate program required that ethanol be the sole 
oxygenate used (U.S. EPA, 2008).  Ethanol is blended with gasoline in many other 
countries as well.  In Brazil, neat ethanol and ethanol-gasoline blends consisting of 20 to 
26 volume percent ethanol are used as automobile fuels (Corseuil et al., 2003).  Ethanol 
fuels are expected to be spilled either with gasoline, or near previous gasoline spills.  
Therefore, ethanol is expected to be present with gasoline in groundwater near fuel 
storage facilities and distribution terminals (Corseuil et al., 2003). 
 Gasoline spills that contact water usually form two phase systems where a non-
polar hydrocarbon-rich phase floats on top of a highly polar water-rich phase.  The 
hydrocarbon-rich phase is commonly referred to as a non-aqueous phase liquid (NAPL).  
A gasoline-water mixture is at thermodynamic equilibrium at a constant and uniform 
temperature and pressure when the lowest possible total Gibbs free energy state is 
achieved within the system.  Therefore, the total Gibbs free energy of a two phase system 
at equilibrium is less than the total Gibbs free energy of a single phase system composed 
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of the same quantity of chemicals and at the same temperature and pressure (Smith et al., 
2001).  The interactions keeping like pairs of polar chemicals near each other require less 
energy than keeping unlike pairs of non-polar and polar chemicals together.  Therefore, 
separate phases minimize the number or interactions between unlike pairs, and minimize 
the total Gibbs energy of the system.   
When ethanol-gasoline mixtures contact water, the ethanol in the fuel 
preferentially partitions into the aqueous phase (Heermann and Powers, 1998).  In the 
presence of water, ethanol’s hydroxyl group can break up some of the hydrogen bonds 
between water molecules.  In the presence of a gasoline-NAPL, ethanol’s alky-chain 
attracts nonpolar hydrocarbons via strong Van der Waals forces.  When ethanol is added 
to a two-phase gasoline-water system, the total number of interactions between like pairs 
is increased.  Therefore, less energy is required to keep the separate phases from 
partitioning into each other.  Ethanol effectively reduces the excess free energy 
associated with dissolving organic chemicals into water (Schwarzenbach et al., 2003).  
This phenomenon is referred to as the cosolvent effect.  The cosolvent effect increases 
the aqueous solubility of potentially harmful gasoline constituents.  Ethanol’s ability to 
enhance the solubility of BTEX in water is demonstrated in ternary liquid-liquid 
equilibrium data collected by Sorensen (1980).  The increasing use of ethanol raises 
concern that ethanol spills in the presence of gasoline could result in greater dissolved 
BTEX concentrations in groundwater, due to the cosolvent effect, than spills of 
oxygenate-free fuels.  By making BTEX more available to groundwater, the potential for 
human exposure is increased (Heermann and Powers, 1998). 
 In order to predict the extent to which a drinking water supply could be 
contaminated by a gasoline spill, a model must be developed which can simulate the 
mass transport of gasoline constituents through groundwater and account for the 
cosolvent effect.  Such a model would be useful for designing remediation projects and 
making regulatory decisions which would minimize the occurrence and severity of 
gasoline spill contamination.  In order to predict the mass transport of hydrophobic 
organic compounds from gasoline to water, the chemical compositions of the two-phase 
system at equilibrium must be predicted first.  Once the equilibrium concentrations are 
predicted, departures from equilibrium can be incorporated into a model to simulate real 
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world scenarios.  In most spill scenarios, the gasoline contaminates are distributed 
between groundwater and comparatively small volumes of gasoline.  Sufficient mass 
transfer conditions, such as a large interphase area and a continually renewed water 
supply, can cause the BTEX to be depleted from the NAPL phase due to the greater 
solubility of these components.  By incorporating these factors, the maximum aqueous 
BTEX concentrations predicted by equilibrium relations are usually never attained.  
 Liquid/Liquid Equilibrium (LLE) describes a two-phase system of liquids at 
thermodynamic equilibrium.  The equilibrium criteria for LLE require uniformity of 
temperature, pressure and of the fugacity, f, of each species throughout both liquid phases 
(Smith, Ness, Abbot, 2001).  For a gasoline-water system at one temperature and 
pressure, LLE is achieved when Equation 1 is true for each chemical species, i, in the 
system.   
 
NAPL
i
aq
i ff ˆˆ =                           Equation 1 
 
Where, 
  is the fugacity in solution fˆ
     aq denotes the aqueous phase 
     NAPL denotes the NAPL phase 
 
The fugacity of species i in a liquid mixture is related to the fugacity of the pure 
liquid compound by Equation 2 
    
*ˆ
iLilili fxf ⋅⋅= γ                                     Equation 2 
Where, 
 ilγ  is the activity coefficient of species i in solution 
  is the mole fraction of i in solution  ilx
*
iLf  is the fugacity of the pure liquid compound  
 
For a gasoline-water system at 25 °C and 1 atm, the fugacities of each pure 
compound are equal because they all exist in the liquid state at the same temperature and 
pressure of the system (Smith, Ness, Abbot, 2001).  In this case, the criteria for LLE in a 
gasoline-water system can be simplified to Equation 3. 
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NAPL
i
NAPL
i
aq
i
aq
i xx γγ =                                     Equation 3 
Where, 
aq
ix  is the molar fraction of component i in the aqueous phase 
aq
iγ  is the activity coefficient of species i in the aqueous phase 
NAPL
ix  is the molar fraction of component i in the NAPL 
NAPL
iγ  is the activity coefficient of species i in the NAPL 
 
 The right and left hand sides of Equation 3 represent the activities of species i, in 
the aqueous and NAPL phases.  The activity of a chemical is a measure of how active a 
compound is in a given state (e.g., in aqueous solution) compared to its standard state 
(e.g., the pure organic liquid at the same temperature and pressure).  The activity 
coefficients express the escaping tendency of a given species from solution relative to the 
species escaping tendency from its own pure liquid (Schwarzenbach et al., 2003).  
The effect ethanol has on the intermolecular forces between gasoline and water is 
expressed through the activity coefficient value of each chemical in the gasoline-ethanol-
water system.  The activity coefficients of aliphatic and aromatic hydrocarbons in 
gasoline absent of cosolvents have values very close to unity (Schwarzenbach et al., 
2003).  Gasoline absent of cosolvents is generally assumed to be an ideal solution.  When 
the organic phase is assumed to be ideal, Rauolt’s Law is commonly used to predict 
equilibrium concentrations of two-phase gasoline-water systems (Reinhard et al., 1984).  
According to Rauolt’s Law (Equation 4), the aqueous solubility of a gasoline component 
is a function of the pure component solubility in water and the molar fraction of the 
component in the gasoline NAPL.   
 
w
i
NAPL
i
aq
i SxC ⋅=                Equation 4 
Where, 
  is the equilibrium concentration of component i in the aqueous phase aqiC
  is the molar fraction of component i in the gasoline-NAPL NAPLix
  is the solubility of pure component i in water wiS
 
The presence of ethanol drives the values of the activity coefficients in gasoline-
NAPLs away from unity.  Ethanol causes the gasoline-NAPL to exhibit non-ideal 
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behavior.  In this case, Rauolt’s law is not applicable for modeling gasoline-ethanol-water 
LLE.  
 Rixey et al. (2003) incorporated the activity coefficient of each component in a 
hydrocarbon-NAPL to account for non-ideal effects in LLE.  Equation 3 written in terms 
of the molar concentration of i in the aqueous phase is given by Equation 5. 
 ( ) 1−⋅⋅⋅= waqiNAPLiNAPLiaqi VxC γγ                           Equation 5 
Where,  
wV  is the molar volume of pure water.    
 
Considering the limited water solubility of most organic NAPLs, the molar 
volume of the aqueous phase is assumed to be equal to the molar volume of pure water.  
 is assumed equal to the activity of component i in water saturated with component 
i, , only for dilute conditions.  Two criteria are required to assume dilute conditions.  
First, less than 1 percent of the aqueous phase volume fraction can be composed of 
cosolvents.  Otherwise, the cosolvent effect causes a substantial decrease in .  Second, 
the aqueous concentration of salt must be less than 0.5 M in order to neglect the effect 
salts have of increasing (Schwarzenbach et al, 2003).  Substituting  for  in 
Equation 5, and replacing the 
aq
iγ
sat
iwγ
aq
iγ
aq
iγ satiwγ aqiγ
( 1−⋅ WsatiW Vγ )  term by the pure component solubility in 
water , gives Equation 6: wiS
w
iiNiNiw SxC ⋅⋅= γ                                     Equation 6 
 
If the cosolvent aqueous volume fraction exceeds 1 percent, then Equation 6 is not 
appropriate for predicting the aqueous solubility of gasoline in water.  In this case, more 
sophisticated models that account for the cosolvent effect are necessary to predict 
gasoline-ethanol-water LLE.   
Equation 3 reveals that the challenge of predicting the distribution of chemicals in 
a two-phase system at equilibrium is only a matter of calculating the values of the activity 
coefficients of all the chemicals in the two phases.  Universal Quasi Chemical 
Functional-Group Activity Coefficients (UNIFAC) is a thermodynamic model capable of 
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calculating the activity coefficients of highly polar and non-polar chemicals in multiphase 
systems (Fredenslund et al., 1975).  UNIFAC uses the concept of group contributions to 
calculate the activity coefficients of chemical species in complex mixtures.  In this 
concept, a molecule is represented by the sum of UNIFAC-defined functional groups 
which compose the molecule.  For example, ethanol is represented by the functional 
groups:  CH3, CH2 and OH.  The sum of the thermodynamic contributions made by each 
molecule’s functional groups is used to determine the thermodynamic properties of the 
fluids in the system of interest.  In any activity coefficient model (e.g. regular solution 
theory, Margules Equation, UNIQUAC), experimental phase equilibria data is required to 
calculate activity coefficients.  The advantage of the group contribution method is that 
molecules which are not included in experimental data can be represented by a number of 
functional groups for which experimental data does exist.  The UNIFAC method is useful 
for modeling gasoline because hundreds of gasoline constituents do not have any 
experimental phase equilibria data. 
The UNIFAC method separates the molecular activity coefficient into a 
combinatorial part and a residual part.  The combinatorial part, , provides the 
contribution to activity coefficients due to differences in the sizes and shapes of the 
molecules in a mixture.  The sizes and shapes of molecules are determined from the 
group contribution of volumes and surface areas of functional groups. The volumes and 
surface areas of functional groups are calculated using a group-contribution method 
developed by Bondi.  A geometric method uses measured van der Waals radii and bond 
lengths to calculate functional group volumes and surface areas (Banerjee et al., 2005).  
The residual part, , provides the contribution due to energy interactions between 
functional groups.  In a multicomponent mixture, the UNIFAC equation for the activity 
coefficient of component i is given by Equation 7 (Fredenslund et al., 1975). 
C
iγ
R
iγ
 
R
i
C
ii γγγ lnlnln +=                                          Equation 7     
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The residual part of the activity coefficient is given by Equation 8. 
 
∑ Γ−Γ= k ikkikRi v ]ln[lnln )()(γ                             Equation 8 
Where, 
  k denotes each group in the mixture 
)(i
kv  is the number of groups of type k in molecule i 
kΓ  is the group residual activity coefficient 
)(i
kΓ is the residual activity coefficient of group k in a reference solution 
       containing only molecules of type i. 
 
The group residual activity coefficient is found by Equation 9. 
 ( ) ( )[ ]∑ ∑∑ ΨΘΨΘ−ΨΘ−=Γ m n nmnkmmm mkmkk Q /ln1ln        Equation 9 
Where, 
 Qk is a group surface area parameter 
 is the area fraction of group m mΘ
  is the group energy of interaction parameter. mnΨ
 
Except for , all the parameters required for calculating a single component’s 
activity coefficient are calculated by the geometric method developed by Bondi and mole 
fraction measurements (Fredenslund, 1977).  Unlike all of the other parameters, , is 
not a directly measurable characteristic such as van der Waals radii.  The UNIFAC 
method is based on the fundamental assumption that energy associated with group 
interactions has influence on a molecule’s activity.  Therefore, the parameter, , was 
created to incorporate this influence into the calculation of the activity coefficient.  The 
parameter  is given by Equation 10. 
mnΨ
mnΨ
mnΨ
mnΨ
⎟⎠
⎞⎜⎝
⎛−=Ψ T
amn
nm exp                                     Equation 10 
Where, 
 amn is the group-interaction parameter. 
 T is the temperature 
 
 amn represents the difference in energy of interaction between a group n and a 
group m and between two groups m.  Note that amn ≠ anm, and amm = 0. The values 
assigned to amn were chosen on the basis that they resulted in the calculation of activity 
coefficient which provided the best agreement with phase equilibria data.  Magnussen et 
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al. (1981), developed amn values from binary and ternary LLE data.  When utilizing the 
parameters developed by Magnussen et al., the UNIFAC method is referred to as the 
generalized UNIFAC-LLE method.  The objective function, F(τ), given in Equation 11 is 
used as a least-squares technique for estimating generalized UNIFAC-LLE group-
interaction parameters. 
 
( ) [ ]∑∑∑∑ −=
l k i j
UNIFAC
ijklijkl xxF
2expτ                             Equation 11 
 
Where, 
 i denotes each component 
 j denotes each phase 
 k denotes each tie line 
 l denotes each binary and ternary equilibria data set used 
exp
ijklx  is the experimental mole fraction 
UNIFAC
ijklx  is mole fraction calculated by ASPEN Plus and the generalized 
               UNIFAC-LLE method 
 
 The objective function for this fitting procedure may be defined in many ways.  
Magnussen et al. (1981) uses the function in Equation 11 in order to represent as well as 
possible the absolute mole fractions of two phase systems.  By minimizing this objective 
function, they have 
 
“not emphasized the representation of small concentrations 
and, especially, the solute distribution ratios at small 
concentrations.  The main reason for this is that UNIFAC is 
a generalized method.  It does not specifically apply to one 
particular component, one particular system, or one 
particular type of systems; therefore it is not reasonable to 
emphasize certain regions of concentrations.  As a 
consequence, the UNIFAC-LLE parameter table may be 
expected to yield reasonable estimates of the region of 
concentration where two liquid phases coexist, but not of 
solute distribution ratios at low concentrations.” 
(Magnussen, 1981) 
 
 Groves (1988) fit UNIQUAC parameters that minimized the objective function, J, 
given in Equation 12.  This function normalizes the difference between calculated and 
experimental mole fractions by the experimental mole fraction. 
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∑∑∑ ⎥⎥⎦
⎤
⎢⎢⎣
⎡ −=
i j k ijk
ijk
calc
ijk
x
xx
J
2
exp
exp
                             Equation 12 
   
 Generally, several interaction parameters are simultaneously found by minimizing 
the objective function, F(t), amongst numerous binary and ternary experimental equilibria 
data sets.  For example, a typical parameter estimation routine includes mole fraction data 
from 7 binary and 5 ternary systems.  The mole fractions are taken from 1 to 10 tie lines 
within the phase equilibria data.  A total of 12 different compounds are found within the 
binary and ternary systems used.  The 12 different compounds are composed of a total of 
7 different generalized UNIFAC-LLE defined groups.  In this typical example, the 
parameter estimation routine results in the simultaneous determination of 6 interaction 
parameter values (Magnussen, 1981). 
 During the parameter fitting routine, the values of the amn parameters are initially 
guessed.  Using these guesses, UNIFAC calculates the activity coefficients of each 
compound in the set of phase equilibria data being analyzed.  Then the equilibrium mole 
fractions are determined using the calculated activity coefficients.  If an error is 
calculated between the predicted and the experimental mole fraction data, then the amn 
values which were initially guessed are slightly adjusted to reduce the error of the 
predictions.  The typical initial guesses for the group-interaction parameters between two 
functional groups would be amn = 100 and anm = 100; and amn = -100 and anm = -100.  
Fredenslund (1977) used a best-fitting search routine where the initial group-interaction 
parameter guesses are changed one at a time by 10 percent.  Following these changes, the 
Nedler-Mead procedure for parameter estimation is utilized to minimize the objective 
function (Fredenslund, 1977). 
 Magnussen et al. (1981) emphasized the approximate nature of the generalized 
UNIFAC-LLE method by noting that if the model described the group-interactions 
perfectly, the interaction energy found between two groups would be would be 
characteristic of the given pair of groups.  The UNIFAC derived interaction energy is not 
characteristic because the amn values vary according to the selection of the experimental 
LLE data used in the best-fitting procedure.  In a key example, Fredenslund et al. (1975) 
determined the amn values for interactions between the H20 group and the CH2 group 
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using binary mutual solubility data for water and different alkanes.  Magnussen et al . 
(1981) reported that the amn values assigned by Fredenslund cause UNIFAC to 
underestimate the aqueous solubility of hydrophilic groups in mixtures of water and 
substances composed of alkane groups and strong hydrophilic groups.  The hydrophilic 
groups include alcohols, esters, acids, ketones, etc.  However the aqueous alkane 
solubility estimates were accurate.  The CH2-H2O and H2O-CH2 amn values were 
reevaluated using binary and ternary data for mixtures of water, alkanes, and the strong 
hydrophilic groups.  The resulting amn values were smaller than those determined by 
Fredenslund.  The predicted aqueous solubilities of the strong hydrophilic groups were 
more accurate when the smaller amn values were utilized in UNIFAC.  However, the 
aqueous alkane solubilities were overestimated when the smaller amn values were utilized 
in UNIFAC.  Magnussen deemed it more important to accurately represent the mutual 
solubility of water and all hydrophilic groups than the water-alkane solubilities.  
Representing the solubility of water and all hydrophilic groups was deemed more 
important because water-hydrophilic group interactions appeared in published 
experimental data sets more often than water-alkane interactions (Magnussen, 1981).       
 Numerous researchers have used UNIFAC to predict the aqueous phase 
solubilities in organic phase-water systems, both with and without cosolvents.  The 
UNIFAC model has been reported to generate qualitatively correct predictions for the 
liquid-liquid equilibria of the systems studied.  These pervious reports have found that 
UNIFAC predictions were within a factor of two relative to experimental data (Munz et 
al., 1986; Hellinger and Sandler, 1995; Powers et al., 2001).  Heermann and Powers 
(1998) used UNIFAC to model LLE experiments of commercial gasoline, ethanol, and 
water.  Using interaction parameter developed by Hansen (1991) for vapor-liquid 
equilibria, UNIFAC predicted a general log-linear relationship between aqueous BTEX 
concentrations and ethanol volume fraction ranging from 0 to 0.75 (Heermann and 
Powers, 1998). 
Other studies have also shown that the solubilities of hydrophobic organic 
compounds increase exponentially with linear increases of cosolvent fraction in aqueous 
solution (Pinal et al., 1990; Banerjee and Yalkowsky, 1988).  The UNIFAC predictions 
of Heermann and Powers were only consistent with experimental BTEX concentrations 
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when the aqueous ethanol mass fraction was roughly less than 0.1 and greater than 0.6.  
In between these extremes, BTEX concentrations were overestimated.  Heermann and 
Powers (1998) proposed that the estimates were high because UNIFAC did not account 
for a difference in solubilization mechanisms between low and high aqueous ethanol 
fractions.  In previous work, a change in the solubilization mechanism was observed 
between low and high aqueous ethanol concentrations (Rubino and Yalkowsky, 1987; 
Banerjee and Yalkowsky, 1988).  Rubino and Yalkowsky (1987) proposed that different 
molecular arrangements exist in alcohol-water solutions at low and high alcohol volume 
fractions.  These differences were attributed to the formation of hydration spheres of 
alcohol molecules at low alcohol volume fractions.  Grunwald (1984) reported that 
ethanol molecules gather together and from spheres of reduced hydrogen bonding within 
ethanol-water solutions.  These spheres disrupt the hydrogen bonding amongst water 
molecules and cause ethanol to become partially segregated from water.  As a result, at 
low ethanol volume fractions, water exhibits an increased hydrogen bonding and is 
comparatively less capable of dissolving nonpolar organic chemicals.  The hydration 
spheres are proposed to have an increased affinity for non-polar organic chemicals.  
Therefore, the hydration spheres function as the dominant solubilizing mechanism for the 
aqueous phase.   
During an experimental investigation of the cosolvent-induced solubilization of 
hydrophobic compounds into water, Banjeree and Yalkowsky (1988) reported that the 
relationship between solubility and cosolvent content was linear up to 0.1 to 0.2 volume 
fraction of cosolvent.  Similar deviations in the log-linear cosolvency relationship have 
been observed in other studies with dilute cosolvent solutions (Morris et al., 1988).  
Therefore, Banjeree and Yalkowsky proposed that relationship between hydrations 
sphere volume and cosolvent volume fraction is linear in the low ethanol volume fraction 
range. 
 Because alcohol is fully soluble in water in all proportions, it is a widespread 
view that an alcohol-water solution must be homogeneously mixed at the molecular level.  
However, x-ray emission spectroscopy analysis of water-alcohol mixtures has revealed 
incomplete mixing at the microscopic level (Guo et al., 2003).  The x-ray emissions 
revealed that in water-methanol mixtures, single water molecules are used to bridge 
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chains of up to 10 methanol molecules into rings.  This observation agrees with the 
prevailing view that the water network rearranges itself around hydrophobic methyl 
groups of the methanol clusters.  The formation of alcohol clusters in aqueous solution is 
assumed to occur in the case of ethanol as well.    
Above an aqueous cosolvent volume fraction of 0.1 to 0.2, Banjeree and 
Yalkowsky observed the conventional log-linear solubility/cosolvent fraction 
relationship.  Banjeree and Yalkowsky (1988) postulate that the hydration spheres have 
completely merged at the cosolvent fraction coinciding with the point where the 
transition from a linear to a log-linear cosolvent effect is observed.  Based on a 
theoretical relationship between hydration sphere volume and aqueous ethanol content, 
Grunwald (1984) estimated that the hydration spheres should completely merge around 
an ethanol volume fraction of 0.4.  Heermann and Powers (1998) determined that the 
ethanol volume fraction at which the transition from a linear to a log-linear relationship 
occurs is dependent on the being solute measured.  Therefore, the observed transition 
point does not correspond with the ethanol volume fraction where hydration spheres have 
completely merged.  Rubino and Yalkowsky (1987) propose that at higher cosolvent 
fractions, hydration is not the dominant solubilization process and that nonpolar organic 
chemicals have access to both water and cosolvent molecules in approximate proportion 
to their volume fractions.  The log-linear relationship is also observed at the higher 
cosolvent fractions.  Therefore, hydration spheres are not the dominant solubilization 
mechanism in the log-linear range.   
Heermann and Powers (1998) developed a piecewise model comprised of a linear 
relationship for low ethanol fractions and a log-linear relationship for higher ethanol 
fractions to predict BTEX concentrations in the aqueous phase equilibrated with 
commercial gasoline.  The two different segments of the piecewise model reflected 
differences in solubilization mechanisms.  The linear/log-linear piecewise model and 
UNIFAC were used to model aqueous BTEX concentrations resulting from LLE 
experiments of gasoline-ethanol-water systems.  While comparing modeled and 
experimental results, Heermann and Powers reported that the piecewise model was 
superior to UNIFAC predictions, especially at the low aqueous ethanol concentrations. 
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In order to study the effect the total volume of a gasoline spill has on groundwater 
contamination, Rixey (2005) investigated the solubility of BTEX by studying the 
equilibrium partitioning between aqueous and organic phases of specific volume ratios.  
Rixey observed that enhancements in the solubility of BTEX, caused by the cosolvent 
effect, are dependent on the amount of existing NAPL that comes into contact with the 
aqueous phase.  By measuring the BTEX concentration in the NAPL phase, Rixey 
determined that BTEX can be depleted from the NAPL phase prior to dissolving the 
entire NAPL phase.  This observed phenomenon explains why an increase in aqueous 
ethanol volume fraction or increase in aqueous phase size does not always remove 
additional BTEX from the NAPL phase, but rather, dilutes the BTEX already present in 
the aqueous phase. The linear/log-linear piecewise model developed by Heermann and 
Powers (1998) was only used to model the solubility of BTEX from a singe volume ratio 
of gasoline to aqueous phase.  For all but a few tests, the experiments were prepared by 
first filling half of the vial used for equilibration with ethanol-water solution.  The 
remaining volume of the vial was filled with gasoline.  Therefore, the linear/log-linear 
model created by Heermann and Powers (1998) does not account for variability in 
gasoline spill size.  
  The generalized UNIFAC-LLE method is advantageous in terms of accounting 
for the quantity of gasoline in the gasoline-ethanol-water LLE system.  The activity 
coefficients calculated by UNIFAC in Equation 7 are utilized in Equation 2.  By coupling 
Equation 1 and Equation 2 and a mass balance of all the components in the system, LLE 
can be modeled.  Using this approach, the UNIFAC determined activity coefficients 
account for how the cosolvent affects the aqueous solubility of BTEX.  The mass balance 
equations account for the depletion of BTEX from the NAPL phase, and therefore, the 
resulting aqueous BTEX concentrations.   
 A few of the parameters in the linear/log-linear model were determined 
empirically.  The parameters were adjusted to best-fit the aqueous phase BTEX 
measurements resulting from LLE experiments of a 7-component surrogate gasoline, 
ethanol, and water.  The composition of the 7-component surrogate gasoline was not 
varied throughout all the LLE experiments.  One of the parameters empirically 
determined was the activity coefficients of ethanol, water, and each of the seven gasoline 
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components in the organic phase at the ethanol volume fraction corresponding to the 
transition from a linear to a log-linear relationship.  A second parameter was the activity 
coefficients of the 7 gasoline components and water in the organic phase when no ethanol 
was present in the system.  The activity coefficients determined for the 7-component 
surrogate gasoline were assumed to be appropriate for modeling all commercial gasoline.  
Cline et al. (1991) revealed the diversity in gasoline composition and non-ideal 
interactions by measuring the aromatic hydrocarbon concentrations in water extracts of 
31 gasoline samples.  Cline reported that the solute concentrations varied over one order 
of magnitude due to the variability in chemical and activity.  Heermann and Powers 
(1998) showed the activity coefficients of BTEX components are strongly dependent on 
the BTEX volume fraction in the 7-component surrogate gasoline.  Therefore, the activity 
coefficients used in the linear/log-linear model may not provide accurate predictions for a 
gasoline with a vastly different composition.  
 The generalized UNIFAC-LLE method is advantageous in terms of calculating 
the activity coefficient for each component in a gasoline-ethanol-water LLE system.  
Given the unique composition of a gasoline, UNIFAC explicitly considers all possible 
interactions in calculating activity coefficients for each component.  Calculations based 
on UNIFAC require the mole fractions of each component in the mixture, but the 
hundreds of components which makeup gasoline cannot all be quantified.  Therefore, an 
approximation of the composition of an unknown gasoline is necessary.  Brookman et al. 
(1985) identified and quantified 42 of the compounds which accounted for approximately 
75 percent of the volume of the reference fuel PS-6.  In an effort to predict the aqueous 
solubility of BTEX from gasoline-oxygenate-water mixture, the American Petroleum 
Institute reported using the entire known composition of PS-6 to calculate activity 
coefficients using Hildebrand regular solution theory (American Petroleum Institute, 
1991).  In an attempt to accurately model the non-ideal behavior of gasoline with 
UNIFAC, a similar extensive input of the gasoline composition should be preformed.   
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For this study, it was hypothesized that amn parameters could be modified to improve 
the generalized UNIFAC-LLE model’s ability to predict the aqueous solubility of BTEX 
in two-phase, gasoline-ethanol-water systems when the aqueous ethanol mass fraction 
range was between 0.1 and 0.6.  Thereby, the following objectives were developed; 
 
• perform LLE experiments of gasoline-ethanol-water systems and gather aqueous 
BTEX mass fraction data, 
• model the performed LLE experiments with the generalized UNIFAC-LLE 
parameters developed by Magnussen et al. (1981), 
• determine which amn parameters within the generalized UNIFAC-LLE method 
cause error in modeling the preformed LLE experiments when the aqueous 
ethanol mass fraction is in between 0.1 and 0.6, 
• create a new objective function which emphasizes the accuracy of the UNIFAC-
LLE model in between the aqueous ethanol mass fraction range of 0.1 and 0.6, 
• use multicomponent phase equilibria data and the new objective function to 
determine new amn parameters which improve the predictions of the generalized 
UNIFAC-LLE method when the ethanol mass fraction range in between 0.1 and 
0.6, 
• model the preformed LLE experiments with the modified amn parameters, 
• determine ethanol mass fraction range where the UNIFAC-LLE model utilizing 
the modified amn parameters improves aqueous BTEX solubility predictions over 
the generalized UNIFAC-LLE predictions.  
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MATERIALS AND METHODS 
 
 The gasoline for this study was donated by British Petroleum Company P.L.C. 
and is classified as Indolene Clear.  Indolene Clear is a certification emission test fuel as 
specified in the Code of Federal Regulations, Title 40, Part 86, section 113-94(a)(1) (40 
CFR 86. 113-94(a)(1)).  Indolene Clear is an unleaded gasoline and free of oxygenates.  
Calculation of the average molecular weight, 94.319 g/mol, is detailed in the UNIFAC 
Liquid-Liquid Equilibrium Model section.  The density of the Indolene Clear was 
determined by measuring the mass of 5 different 25 mL aliquots (Table 1) of the gasoline 
on the Mettler Toledo AB104 S analytical balance. Prior to gravimetric analysis, the 
temperature of the Indolene was maintained at 25 °C ± 0.1 °C for 24 hours within a 
Precision, model 815, low temperature incubator. The Indolene Clear aliquots were 
sealed in silicon/Teflon™ lined screw cap glass bottles.  The gasoline had an average 
density of 743.2 kg/m3 at 25 °C. The molecular weight and density of the gasoline were 
comparable to values reported by the American Petroleum Institute (1991). 
 During the time between the Indolene Clear was received from shipping, and 48 
hours before its use in any sort of analysis, the gasoline was stored at -10 °C in glass 
bottles sealed with silicon/Teflon™ lined screw caps and minimal headspace. 
 
Table 1:  Indolene Clear Density Measurements at 25 °C 
 
Measurement Volume Mass Density
Number (ml) (g) (kg m-3)
1 25 18.3530 734.12
2 25 18.3535 734.14
3 25 18.3560 734.24
4 25 18.3545 734.18
5 25 18.3580 734.32
734.2
± 0.195.0% Confidence Interval:
Average Density:
 
 
 All solvents, benzene (99% pure, Fisher Scientific), toluene (99.5+% pure, 
Sigma-Aldrich), ethylbenzene (99% pure, Sigma-Aldrich), m-xylene (99% pure, Sigma-
Aldrich), o-xylene (98% pure, Sigma-Aldrich), and anhydrous ethanol (99.5+% pure, 
Sigma-Aldrich) were used as received by the manufacturer.  The water used in this study 
was purified by passing tap water through a Barnstead ROpure ST/E-pure system 
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(Barnstead/Thermolyne, Dubuque, IA).  Throughout the document this water will be 
referred to as E-pure water.  
 All glassware was first rinsed with Alconox detergent, then rinsed three times 
with E-pure water and dried at 120 °C for at least eight hours.  Following contact with 
solvents or Indolene Clear glassware was first rinsed once with denatured ethanol, then 
rinsed once with methylene chloride (99% pure, Fisher Scientific), and rinsed once again 
with denatured ethanol.  The glassware was then rinsed three times with E-pure water and 
baked at 500 °C for at least eight hours to remove any residual water and volatile 
organics.  All silicon/Teflon lined closed screw caps were washed in the same manner as 
the glassware which contacted any organic solutions.  The caps were dried at 70 °C for at 
least 8 hours. 
 
Gasoline-Ethanol-Water Equilibrium 
 
 The equilibrium behavior of toluene, ethylbenzene, m-xylene and o-xylene was 
studied.  The molecular weight and structure of the studied compounds are presented in 
Table 2.  
 
Table 2:  Molecular Weights and Structures for Studied Organic Compounds in 
               Indolene Clear Gasoline 
 
Compound MW Structure
toluene 92.14
ethylbenzene 106.16
m-xylene 106.16
o-xylene 106.16
CH3
CH  CH32 
CH
CH3
3
CH3
CH3  
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The equilibrium experiments were completed using Indolene Clear Gasoline 
oxygenated with anhydrous ethanol.  Oxygenated fuels with six different volume percents 
of ethanol were prepared (Table 3).  The fuels were prepared by mixing separate volumes 
of Indolene Clear and ethanol on a Lab-Line Instruments, Inc. Orbit Shaker, operating at 
125 rpm, for 24 hours.  Prior to mixing, the separate ethanol and Indolene volumes were 
incubated at 25 °C for 24 hours.    After mixing, the fuels were stored at 25 °C for 24 
hours until use in water-fuel equilibrium experiments.  The Indolene and ethanol 
composition of the six different fuels are listed in Table 3.  Each of the six different fuels 
was given an abbreviated name with a number that signified the volume percent of 
ethanol within the fuel.  A volume change was not observed when mixing ethanol and 
Indolene in the proportions described in Table 3.       
 
Table 3:  Fuel Type and Corresponding Ethanol and Indolene Composition 
Fuel Type Ethanol      Volume
Indolene     
Volume
Total Mixed   
Volume % Volume Ethanol
(ml) (ml) (ml)
E40 100 150 250 40
E50 125 125 250 50
E60 150 100 250 60
E70 175 75 250 70
E85 212.5 37.5 250 85
E90 225 25 250 90  
 
 The equilibrium experiments consisted of mixing E-pure water with each of the 
oxygenated fuels in four different water/fuel volume (Vw/Vf) ratios.  E-pure water and 
oxygenated fuel were stored at 25 °C for 24 hours immediately prior to mixing them in 
the Vw/Vf ratios presented in Table 4.  The volumes of water and fuel used in each 
experiment were selected to achieve the desired Vw/Vf ratios and to minimize the 
headspace in the available glassware.  The water and fuel systems were mixed on the 
Orbit Shaker, operating at 125 rpm, at room temperature for 72 hours.  In previous 
studies, with comparable methods used for equilibrating mixtures of water and gasoline, a 
maximum mixing time of 24 hours was deemed sufficient to achieve equilibrium 
(American Petroleum Institute, 1991; Cline et. al., 1991; Heermann and Powers, 1998).  
Glass bottles sealed with silicon/Teflon lined screw caps were used during the storage, 
incubation or mixing of Indolene, ethanol and all fuel mixtures.  During these times, the 
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bottles were filled in order to minimize headspace and covered with aluminum foil to 
prevent exposure to light. 
 
 Table 4:  Water-Fuel Equilibrium Experiments for Each Fuel Type 
 
Vw /Vf
Water 
Volume
Fuel 
Volume Fuel Type
0.25 25 100 E40
0.4 34 85 E40
1.0 32 32 E40
2.5 45 18 E40
0.25 25 100 E50
0.4 34 85 E50
1.0 32 32 E50
2.5 45 18 E50
0.25 25 100 E60
0.4 34 85 E60
1.0 32 32 E60
2.5 45 18 E60
0.25 25 100 E70
0.4 34 85 E70
1.0 32 32 E70
2.5 45 18 E70
0.25 25 100 E85
0.4 34 85 E85
1.0 32 32 E85
2.5 45 18 E85
1.0 32 32 E90
2.5 45 18 E90  
 
 Following the 72 hour equilibration time, the two-phase aqueous-NAPL system 
was poured into a 125 ml separation funnel.  The separation funnel valve was used to 
remove the bottom aqueous phase for analysis.  The aqueous phase was retained in a 40 
ml glass vial.  Three, 2 ml, aqueous samples were removed from the 40 ml glass vial and 
transferred to three, 2 ml, screw-top GC vials via glass syringe.  The GC vials were 
immediately capped and analyzed within 24 hours.  The 40 ml glass vial was completely 
filled with aqueous phase remaining in the separation funnel and then sealed with a 
silicon/Teflon lined screw cap.  Excess aqueous sample was saved in the 40 ml glass vials 
in the event increased sample dilution was determined necessary for GC analysis.  The 
excess aqueous sample was stored in the dark at 4 °C.  During the 72 hour equilibration 
time, and during the aqueous phase separation process, the experiment took place at room 
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temperature.  Throughout the course of all the equilibrium experiments, the room 
temperature was maintained between 20 and 25 °C. 
 
Gas Chromatographic Analysis 
 
 The aqueous phase samples separated from each water/fuel equilibrium 
experiment were ready for pulsed splitless GC analysis without further sample 
preparation.  The aqueous samples were analyzed using an Agilent 6890 Series Gas 
Chromatograph with a flame ionization detector (FID) and a J&W Scientific DB-5 
capillary column (30 m length, 0.25 mm ID an 0.25 um film thickness).  The Agilent 
7683 Series autosampler and injector was used to inject the aqueous phase samples into 
the GC inlet port via a 10 µl glass syringe.  Prior to injection, the Agilent injector rinsed 
the syringe twice with methylene chloride, five times with E-pure water and four times 
with the analyte.  A 0.9 ml volume inlet liner (Agilent part # 5062-3587) was utilized to 
volatilize and contain the injected aqueous sample prior to entering the capillary column.  
As received, the inlet liner was packed with glass wool to prevent non-volatile solids 
from entering and contaminating the capillary column.    
The analysis conditions were as follows: inlet temperature of 220 °C, nitrogen 
carrier gas, 28 psi pulse injection pressure held for 30 seconds after injection, split vent 
opened to purge flow at 35 ml/min at 28 seconds after injection, 0.4 ml/min carrier gas 
flowrate post pulse injection, initial oven temperature of 40 °C, 2 °C /min temperature 
ramp from 40 to 80 °C, 50 °C /min temperature ramp from 80 to 250 °C, final oven 
temperature held at 250 °C for 10  minutes, and the FID is run at 250 °C.   
 Sample data was collected using HP Chemstation software.  Peaks were assigned 
by comparison with chromatographs of known standards.  The known standards were 
also used to generate calibration curves to quantify the peaks measured from aqueous 
samples.  The calibration curves were used to identify and quantify toluene, 
ethylbenzene, m-xylene and o-xylene.  Ethanol and benzene were not identified in the 
analyses due to their overlap with a large water peak in the known standard 
chromatographs.  Appendix A details the known standards used to identify and quantify 
peaks for each aqueous sample measured.  Injecting water in a GC may soak the solid 
film within the capillary column and alter the column’s chromatographic characteristics 
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(Potter, 1996).   Therefore, a new set of known standards were analyzed for each 24 hour 
period during which water/fuel equilibrium aqueous samples were analyzed.  Over the 8 
week course of GC analyses, analyte retention time shifts on the order of 0.5 minutes 
were observed.  Graphs in Appendix B depict the significant variation of peak area 
measurement of each chemical standard over the 8 week course of GC analyses.   
 
Indolene Clear Mass Fraction Analysis 
 
 The mass fractions of toluene, ethylbenzene, m-xylene and o-xylene were 
measured in two different solutions of Indolene Clear gasoline.  In the first solution, the 
mass fraction of toluene was measured in a single phase mixture consisting of 5 ml 
Indolene Clear, 100 ml anhydrous ethanol, and 20 ml E-pure water.  In the second 
solution, the mass fractions of ethylbenzene, m-xylene and o-xylene were measured in a 
single phase mixture consisting of 5 ml Indolene Clear, 45 ml anhydrous ethanol, and 10 
ml E-pure water.  The mass fraction of each analyte, in their respective diluted Indolene 
Clear solution, was determined using the same analytical methods detailed in the Gas 
Chromatographic Analysis section.  The total mass of an analyte in the diluted Indolene 
solution was calculated by multiplying the measured mass fraction of the analyte by the 
total mass of the Indolene-Ethanol-Water solution.  The mass fraction of an analyte in 
undiluted Indolene Clear was calculated by dividing the total mass of the analyte in the 
diluted Indolene solution by the total mass of Indolene in the Indolene-Ethanol-Water 
solution. 
 
Determination of Method Detection Limit 
 
 Two-tailed t-tests were performed to determine if the calibration curve point with 
the lowest average peak area measured for each compound of interest was statistically 
different from the average peak area of a known standard with a smaller mass fraction.   
F-tests were performed to determine if the standard deviations of the two mass fractions 
were statistically equivalent, and therefore, suitable for two-sample equal variance t-tests.    
Equation 13 was used to calculate the F statistic (Sawyer et al., 2003). 
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Where, 
 S2larger is the larger of the standard deviations for the mass fractions being compared 
 S2smaller is the smaller of the standard deviations for the mass fractions being compared 
 
 The two-sample equal variance t-test was used to compare average peak areas 
when the F statistic was less than 19.  Table 5 summarizes the results from the statistical 
analysis.  Table 5 includes each compound analyzed, the smallest mass fraction used on 
each calibration curve, the average peak area of the smallest mass fraction used on each 
calibration curve, the mass fraction measured below each calibration curve, the average 
peak area of the mass fraction below each calibration curve, the standard deviation of 
each average peak area, the calculated F statistic, and the P-value determined from 
hypothesis testing.  
 In the hypothesis testing, a 95% confidence interval was used, and the data was 
assumed to be normally distributed.  For the hypothesis testing, the two average peak 
areas compared were considered to be statistically different if the P-value was less than 
0.05.  In all the cases, a statistical difference was observed between the smallest mass 
fractions used on each calibration curve and the mass fractions which are less than those 
used on the calibration curves. 
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urve
S
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F-value
P-value
Toluene
2.0924E-06
11.05613333
0.438522
9.64666E-07
5.09725
0.192925
2.273015
2.7E-05
Toluene
4.1848E-06
33.30453333
1.328537
3.15518E-06
25.1104
1.579229
1.188698
2.3E-03
Toluene
4.1848E-06
23.28375
2.022679
1.69398E-06
9.8124
0.675829
2.992885
1.6E-03
Toluene
4.1848E-05
649.2125
13.62241
4.80369E-06
74.5225
1.559739
8.733776
4.5E-06
Toluene
5.231E-06
53.1593
0.822365
2.29179E-06
23.29
0.42712
1.925372
1.3E-05
Toluene
4.1848E-06
22.33275
0.344715
2.82728E-06
15.08818333
0.713791
2.070673
1.0E-03
Ethylbenzene
6.52093E-07
0.972999333
0.102284
5.25125E-07
0.783548227
0.030669
3.335145
0.037
Ethylbenzene
8.69457E-07
1.000174333
0.071632
6.97334E-07
0.802173333
0.031519
2.272637
0.012
Ethylbenzene
1.04335E-06
0.996630333
0.209321
8.26089E-07
0.789098571
0.029212
7.165455
0.048
Ethylbenzene
5.21674E-06
47.46015
4.076683
3.14399E-06
28.6029
1.419022
2.872882
0.025
Ethylbenzene
8.69457E-07
1.38891
0.337025
5.09419E-07
0.8137692
0.032565
10.34916
0.042
Ethylbenzene
2.60837E-06
3.661686667
0.264554
1.47544E-06
2.071256667
0.112905
2.34315
6.6E-04
m
-xylene
2.38273E-06
16.01956667
0.764772
1.42042E-06
9.549733333
1.004856
1.313929
8.9E-04
m
-xylene
1.90619E-06
14.121
1.345987
1.33682E-06
9.90316
0.388896
3.461042
6.5E-03
m
-xylene
1.90619E-06
8.998405
0.831932
1.09813E-06
5.183861111
0.092616
8.982614
3.3E-03
m
-xylene
1.90619E-05
250.82
0.294156
1.29171E-05
169.9655
4.200921
14.28125
1.4E-03
m
-xylene
2.38273E-06
18.44833333
1.227339
2.00087E-06
15.49173333
0.109017
11.25823
0.014
m
-xylene
1.90619E-06
8.178045
0.404854
9.13162E-07
3.917703333
0.239382
1.691244
6.0E-04
o-xylene
8.72587E-07
8.44143
0.190175
7.04243E-07
6.81286
0.149991
1.267903
2.1E-03
o-xylene
6.9807E-07
5.943463333
0.273709
3.28728E-07
2.798833333
0.296792
1.084333
1.7E-04
o-xylene
6.9807E-07
4.080005
0.232447
3.44205E-07
2.01177
0.171739
1.353491
1.4E-03
o-xylene
6.9807E-06
81.8599
2.717411
5.58065E-06
65.44205
1.219971
2.227439
0.016
o-xylene
8.72587E-07
7.721623333
1.10181
4.4531E-07
3.940601667
0.158925
6.932876
4.2E-03
o-xylene
6.9807E-07
4.43924
0.593036
3.16875E-07
2.015103333
0.115363
5.140615
5.0E-03
W
here,S
C 2 is the standard deviation of the calibration curve peak areas
S
B 2 is the standard deviation of the peak areas for a m
ass fraction below
 the calibration curve
Table 5:  P-values from
 H
ypothesis Testing of C
alibration C
urves
 25
UNIFAC-LLE MODEL 
 
 ASPEN Plus, Version 2006, was used to model the experimental methods.  Aspen 
Plus is a process modeling tool for conceptual design, optimization, and performance 
monitoring for the chemical industry.   Using ASPEN Plus, a model was designed to 
bring a two-phase system of Indolene Clear gasoline, ethanol, and water to 
thermodynamic equilibrium, and to separate the resulting water-rich phase from the 
hydrocarbon-rich phase.  The system of component streams and unit operation devices 
used to model the experimental methods are detailed within this section.   
 The ASPEN Plus model begins by blending a stream of ethanol and a stream of 
gasoline, at 25 °C, in a mixing device in order to generate oxygenated gasoline.  Ethanol 
and gasoline were blended in the proportions necessary to generate the oxygenated fuels 
described in Table 3.  The oxygenated fuel was passed through a heat exchanger to 
change the temperature of the fuel to 25 °C.  Then the oxygenated fuel stream and a 
separate pure water stream, at 25 °C, were mixed together to form a two-phase emulsion.  
Water and fuel were mixed in the proportions necessary to generate the Vw/Vf ratios 
listed in Table 4.  This mixture was passed through a heat exchanger to change the 
temperature of the emulsion to 25 °C.  Finally, the emulsion was sent into a single-stage 
liquid-liquid separator to model the separation process preformed with a separation 
funnel during the laboratory experiment.  The concentrations of gasoline components 
predicted in the aqueous phase, at equilibrium, are compared to the results from 
experimental analysis.  A process flow-diagram of the ASPEN Plus model is shown in 
Figure 1. 
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igure 1:  ASPEN Plus, Indolene Clear gasoline-ethanol-water equilibrium and separation process 
                 flow-diagram. 
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Modeling Indolene Clear 
A mixture of 52 chemical compounds was chosen to represent Indolene Clear 
asoline in the ASPEN Plus model.  The chemical compounds and their weight fractions 
ere chosen based on weight percent data given in an Indolene Clear Fuel Analysis data 
eet provided by the supplier, British Petroleum P.L.C. (Appendix C). The Fuel 
nalysis presented the constituents of Indolene Clear in terms of these six hydrocarbon 
iling 
s also provided weight percents for the gasoline constituents 
 terms of hydrocarbon group, and the number of carbon atoms within each constituent.    
or mo
ed 
) from the PS-6 composition with the same number of carbon atoms and 
belongi ed in 
ber 
ses, 
ng PS-6 
 
 
G
w
sh
A
groups:  paraffins, naphthenes, straight olefins, cyclo-olefins, aromatics, and high bo
saturates.  The Fuel Analysi
in
F deling purposes, specific chemical compounds were chosen to represent each 
mass fraction provided in the Fuel Analysis.  The compounds used consisted of the same 
number of carbon atoms, and fell under the same hydrocarbon groups listed in the Fuel 
Analysis.   
Toluene, ethylbenzene, m-xylene and o-xylene were the only compounds 
identified and quantified experimentally out of the 52 compounds chosen to represent 
Indolene Clear.  The gas chromatograph analysis used to identify and quantify these 
compounds is detailed in the Materials & Methods section.  The remaining 48 chemical 
compounds were selected from the molecular composition of PS-6 Gasoline, as report
in the American Petroleum Institute publication number 4531 (American Petroleum 
Institute, 1991).  Each listing in the Fuel Analysis datasheet was represented by 
compound(s
ng to the same hydrocarbon group.  In some cases, only one compound list
the PS-6 composition belonged to the same hydrocarbon family and had the same num
of carbon atoms as one of the listings in the Indolene Clear Fuel Analysis.  In these ca
the single PS-6 compound was assigned the entire mass fraction specified in the 
corresponding Fuel Analysis listing.  In other cases, multiple PS-6 compounds fulfilled 
the same characteristics of one Fuel Analysis listing.  In these cases, the mass fraction 
prescribed to the single Fuel Analysis listing was divided among the correspondi
compounds.  The mass fraction was divided in proportion to the ratios of the mass 
fractions of these compounds listed in PS-6 composition, as provided in the API 
publication number 4531.      
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 A difference of 0.0019 was found in the mass fraction between the sum of the 
listings from the Fuel Analysis for aromatics with 7 and 8 carbon atoms and the s
the analytically determined mass fractions of toluene, ethylbenzene, m-xylene, and o-
xylene.  In order to make the sum of the mass fractions describing Indolene Clear reach
unity, the mass fraction of 0.0019 was assigned to p-xylene in the ASPEN model.  The 
assigned mass fraction of p-xylene is 10% larger than the mass fraction listed in PS
The 52 compounds used to model Indolene Clear, and their respective mass fracti
molecular weights, are presen
um of 
 
-6.  
ons and 
ted in Table 6.  Equation 14 was used to calculate the molar 
ass ofm  Indolene Clear. 
 
∑ ⋅=
i
iiIndolene massmolarfractionmassMM                Equation
 Where, i is each compound in Table 6.   
 14 
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Table 6: Chemical composition used to model Indolene Clear Gasoline. 
  
Hydrocarbon Group Compound Mass Fraction Molar Mass
Mass Fraction / 
Molar Mass
(grams/mole) (moles/gram)
High Boiling Saturates n-tetradecane 0.029 198.388 0.000146178
n-butane 0.0035 58.1222 6.0218E-05
isobutane 0.0011 58.1222 1.89256E-05
n-pentane 0.0572 72.1488 0.000792806
2-methyl-butane 0.1602 72.1488 0.002220411
n-hexane 0.0086 86.1754 9.97965E-05
2-methyl-pentane 0.0214 86.1754 0.000248331
3-methyl-pentane 0.0128 86.1754 0.000148534
2,3-dimethyl-butane 0.009 86.1754 0.000104438
n-heptane 0.0019 100.202 1.89617E-05
2-methylhexane 0.0183 100.202 0.000182631
3-methylhexane 0.022 100.202 0.000219556
2,4-dimethylpentane 0.0183 100.202 0.000182631
n-octane 0.0017 114.229 1.48824E-05
2,3-dimethylhexane 0.0162 114.229 0.00014182
2,2,4-trimethylpentane 0.0783 114.229 0.000685465
2,3,4-trimethylpentane 0.0449 114.229 0.00039307
2,3,3-trimethylpentane 0.0428 114.229 0.000374686
2,2,3-trimethylpentane 0.0102 114.229 8.92943E-05
n-nonane 0.0013 128.255 1.01361E-05
3-methyloctane 0.0179 128.255 0.000139566
n-decane 0.0088 142.282 6.1849E-05
cyclopentane 0.0011 70.1329 1.56845E-05
cyclohexane 0.0007 84.1595 8.31754E-06
methylcyclopentane 0.0089 84.1595 0.000105752
cycloheptane 0.0016 98.1861 1.62956E-05
trans-1,3-dimethylcyclopentane 0.0038 98.1861 3.8702E-05
cyclooctane 0.0017 112.213 1.51498E-05
1-butene 0.0001 56.1063 1.78233E-06
trans-2-butene 0.0005 56.1063 8.91166E-06
1-pentene 0.0008 70.1329 1.14069E-05
trans-2-pentene 0.0137 70.1329 0.000195343
1-hexene 0.0007 84.1595 8.31754E-06
2-methyl-1-pentene 0.0066 84.1595 7.84225E-05
1-heptene 0.0024 98.1861 2.44434E-05
1-octene 0.0008 112.213 7.1293E-06
cyclopentene 0.0006 68.117 8.80837E-06
cyclohexene 0.0013 82.1436 1.58259E-05
cycloheptane 0.0005 98.1861 5.09237E-06
benzene 0.0046 78.1118 5.889E-05
toluene 0.2366 92.1384 0.002567876
ethylbenzene 0.004 106.165 3.76772E-05
m-xylene 0.0052 106.165 4.89804E-05
o-xylene 0.0025 106.165 2.35483E-05
p-xylene 0.0019 106.165 1.78967E-05
1-methyl-3-ethylbenzene 0.0156 120.192 0.000129792
1-methyl-4-ethylbenzene 0.0159 120.192 0.000132288
1,2,4-trimethylbenzene 0.0331 120.192 0.000275393
n-propylbenzene 0.0255 120.192 0.000212161
n-butylbenzene 0.023 134.218 0.000171363
naphthalene 0.0003 128.171 2.34062E-06
1,2,3,4-tetrahydronaphthalene 0.0006 132.202 4.53851E-06
Total 1.0000 0.010602317
Molar Mass of Indolene Clear =  94.319 g/mol
Aromatics
Parafins
Naphthenes
Staight Olefins
Cyclo-Olefins
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Mixers 
  
 Material stream mixers were used to combine streams of ethanol and Indolene, 
and streams of oxygenated fuel and water.  The material stream mixers did not add or 
remove energy from the system.  Therefore, the sum of the total Gibbs free energy of two 
streams entering a mixer was equal to the total Gibbs free energy of a single mixed 
stream exiting a mixer.  The mixing process was isenthalpic, but did cause a change in 
the excess entropy of the system.  This change in excess entropy was offset by a change 
in temperature such that the total Gibbs free energy of the system remained constant.  
Mixing ethanol and Indolene caused an increase in the systems entropy and a 
corresponding decrease in the system’s temperature.  Most of the oxygenated fuel/water 
mixtures exhibited an increase in entropy and decrease in temperature.  Only oxygenated 
fuel/water mixtures with the three highest ethanol contents exhibited a decrease in 
entropy and increase in temperature. 
 The thermodynamic properties of the material streams were calculated assuming 
that only liquid phases were present and that the pressure remained constant at 1 atm. 
 
Heat Exchangers  
 
 Heat exchangers were used to model the use of a low temperature incubator in the 
experimental methods.  Therefore, heat exchangers were used immediately after the 
mixing of ethanol and Indolene and immediately after the mixing of oxygenated fuel and 
water.  Heat exchangers were used to return the system’s temperature to 25 °C following 
the change in temperature described in the Mixers section.  The enthalpy of each heated 
material stream increased.  The enthalpy of each cooled material stream decreased. 
   The thermodynamic properties of the material streams were calculated assuming 
that only liquid phases were present and that the pressure remained constant at 1 atm. 
 
Decanter 
 
 A decanter was chosen to model the single-stage aqueous phase separation 
performed during laboratory experiments.  The decanter was operated at 25 °C and 1 atm.  
The thermodynamic properties of the materials in the decanter were calculated assuming 
that only liquid phases were present.  A mass balance was maintained for each 
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component in the decanter.  The total mass of a component in the decanter, Zi, was equal 
to the sum of the mass of the component in the NAPL phase, , and the mass of the 
component in the aqueous phase, .  This relationship is given in Equation 15. 
NAPL
iZ
aq
iZ
 
aq
i
NAPL
ii ZZZ +=                                     Equation 15  
 
 The mole fraction of each component in the NAPL phase, , was calculated 
by Equation 16.  The mole fraction of each component in the aqueous phase, , was 
calculated by Equation 17. 
NAPL
ix
aq
ix
 
∑=
i
NAPL
i
NAPL
iNAPL
i Z
Zx                                Equation 16 
∑=
i
aq
i
aq
iaq
i Z
Zx                                       Equation 17 
 
 The decanter utilized the UNIFAC-LLE method, detailed in the Introduction and 
Background section, to calculate the activity coefficient of each component in each 
phase.  After the mole fraction and activity coefficient of each compound, in each phase 
was calculated, the validity of Equation 3 was tested for each compound.  If Equation 3 
was not true for a compound, then the distribution of the compound in both phases was 
adjusted by a trial-and-error routine designed to satisfy the relation in Equation 3.  The 
distribution of the compound was adjusted such that Zi remained constant throughout the 
equilibrium calculations.  The procedure of adjusting a compound’s distribution in the 
two-phase system was carried out for each compound in the decanter.   
 After a trial of adjusting the mole fractions of each component was completed, the 
decanter recalculated the activity coefficient of each compound in each phase.  Once 
again, the validity of Equation 3 was tested.  The trial-and-error process of adjusting the 
distribution of components throughout the NAPL and aqueous phases continued until 
Equation 3 was satisfied for each component in the decanter.      
 The aqueous phase was defined as the phase with the larger mole-fraction of 
water.  ASPEN was used to model each of the gasoline-ethanol-water equilibrium 
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experiments listed in Table 4.  The liquid-liquid equilibrium calculations predicted that 
each gasoline-ethanol-water equilibrium experiment resulted in a two-phase system.  The 
mass fractions of the modeled aqueous phase were compared to the results from 
experimental analysis.   
 
Toluene-Ethanol-Water Tie-Line Model 
  
 Aspen Plus, utilizing the UNIFAC-LLE method, was also used to model the LLE 
of a toluene-ethanol-water system.  The ternary system was modeled during efforts to 
improve the predictive capabilities of the generalized UNIFAC-LLE method for a two-
phase system of gasoline, ethanol, and water that has an aqueous ethanol mass fraction 
between 0.1 and 0.6.  Data from only one tie-line in the ternary system was used to 
improve the generalized UNIFAC-LLE method.  The tie-line data which was used is 
provided in Table 7.  The data in Table 7 was obtained from phase equilibria data 
complied by Sorensen (1980). 
 
          Table 7:  Experimental tie-line data for a toluene-ethanol-water system at 
            equilibrium. 
 
Water-Rich Phase Toluene-Rich Phase
wtoluene = 0.0162 
wethanol = 0.41699 
wwater   = 0.56681 
wtoluene = 0.94927 
wethanol = 0.04700 
wwater   = 0.003731 
   
 
 A system of component streams and a unit operation device were combined to 
model the ternary system at equilibrium.  First, a stream of toluene, ethanol and water 
was routed into a decanter.  The mass flowrate of toluene in the stream was numerically 
equal to the sum of the mass fractions of toluene in the water-rich and toluene-rich phases 
displayed in Table 7.  The mass flowrates of ethanol and water were calculated and 
assigned in the same manner.   
 A decanter was used to equilibrate the 3-component mixture into a two-phase 
system.  Following equilibration, the decanter was used to separate the two phase system 
into a water-rich phase and a toluene-rich phase.  The predicted mass fractions of all 3 
components in both phases were compared to the experimental mass fractions provided in 
Table 7.   
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 The component streams and decanter were modeled at 25 °C and 1 atm.  Only 
liquid phases were assumed to be present in the system. A process flow-diagram of the 
ASPEN Plus, toluene-ethanol-water equilibrium and separation process is shown in 
Figure 2. 
DEC ANTER
1
TOLRICHToluene-Rich
Toluene + Ethanol + Water
H20RICHWater-Rich
 
Figure 2.  ASPEN Plus, toluene-ethanol-water equilibrium and separation process flow-diagram. 
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RESULTS AND DISCUSSION 
 
 
Figure 3a.  Experimental measurements and UNIFAC model predictions of the mass fraction of toluene in 
the aqueous phase equilibrated with Indolene Clear gasoline blended with ethanol. 
 
 
Figure 3b.  Experimental measurements and UNIFAC model predictions of the mass fraction of 
ethylbenzene in the aqueous phase equilibrated with Indolene Clear gasoline blended with ethanol. 
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Figure 3c.  Experimental measurements and UNIFAC model predictions of the mass fraction of m-xylene 
in the aqueous phase equilibrated with Indolene Clear gasoline blended with ethanol. 
 
 
 
Figure 3d.  Experimental measurements and UNIFAC model predictions of the mass fraction of o-xylene in 
the aqueous phase equilibrated with Indolene Clear gasoline blended with ethanol. 
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Experimental Analysis Results 
 
 Toluene, ethylbenzene, m-xylene and o-xylene (TEMO) were identified as the 
target compounds for the experimental investigation.  The GC analysis method described 
in the Materials & Methods section did not generate chromatographs with distinguishable 
peaks for water, ethanol, and benzene.  Therefore, the mass fractions of water, ethanol, 
and benzene where not quantified in the experiments.  The mass fractions of TEMO were 
only quantified in the aqueous phase. 
 The smallest ethanol content of the fuels used in the equilibrium experiments was 
40 percent, by volume.  The largest Vw/Vf ratio used in the equilibrium experiments was 
2.5.  The aqueous phase with the smallest ethanol mass fraction was expected to be found 
in the equilibrium experiment using E40 and Vw/Vf = 2.5.  The ASPEN Plus and 
UNIFAC model predicted that the E40, Vw/Vf = 2.5 mixture had an aqueous phase 
ethanol mass fraction around 0.114 at equilibrium.  Experiments with smaller aqueous 
ethanol contents were not quantified because they produced aqueous phases with TEMO 
mass fractions below the GC method detection limit. 
 The aqueous phase with the largest ethanol mass fraction was expected to be 
found in the equilibrium experiment using E85 and Vw/Vf = 0.25.  The ASPEN Plus and 
UNIFAC model predicted that the E85, Vw/Vf = 0.25 mixture had an aqueous phase 
ethanol mass fraction around 0.67 at equilibrium.    Experiments with larger aqueous 
ethanol contents were not quantified because they produced single phase systems.     
 The experimental results, depicted in Figures 3a-d, reveal a general trend relating 
the solubility of TEMO to the content of ethanol in the aqueous phase.  In general, a 
linear increase in the aqueous ethanol mass fraction results in an exponential increase in 
the aqueous solubility of TEMO.  A linear trend at the smallest aqueous ethanol mass 
fractions was not observed.  The absence of the linear trend is attributed to the inability to 
quantify TEMO concentrations at aqueous ethanol mass fractions below 0.114.  
Heermann and Powers (1998) used ethanol mass fractions ranging roughly between 0 and 
0.23 to describe the linear relation. 
 Figures 3a-d show that an increase in aqueous ethanol mass fraction does not 
necessarily result in an increase in the aqueous TEMO concentrations.  For example, in 
Figure 3a, the experimental toluene mass fractions are roughly equal in the aqueous 
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phases with ethanol mass fractions of 0.60 and 0.67.  This deviation from the general 
exponential trend is caused by the influence that the gasoline to water mass ratio has on 
aqueous TEMO concentrations.  If the aqueous ethanol concentration is increased in a 
gasoline-ethanol-water two-phase system, the gasoline-NAPL can become depleted of 
TEMO prior to the dissolution of the entire NAPL phase.  This phenomenon occurs 
because the water solubilities of TEMO are greater than those of other gasoline 
compounds.  Despite an increase in the ethanol content of the aqueous phase, at depleted 
TEMO conditions, dilution can have a stronger affect on aqueous TEMO concentrations 
than the cosolvent effect if the gasoline to water mass ratio is increased.  Therefore, 
aqueous TEMO concentrations are dependent of the quantities of gasoline, ethanol, and 
water in the LLE system. 
  As mentioned in the Materials & Methods section, the gasoline-ethanol-water 
systems were mixed at room temperature during the equilibration process.  Over the 8 
week course of equilibrating gasoline-ethanol-water systems, the temperature of the room 
varied between 20° and 25 °C.  The effect the temperature variation had on the aqueous 
solubility of TEMO was assumed insignificant for the purpose of observing trends in the 
experimental data and for comparing the experiments to models simulated at 25 °C. 
 
Experimental Results Versus the Generalized UNIFAC-LLE Model Results   
 
 The ASPEN Plus and generalized UNIFAC-LLE model utilizing parameters 
developed by Magnussen (1981) were used to predict the aqueous TEMO concentrations 
resulting from the gasoline-ethanol-water LLE systems described in the Materials & 
Methods section.  The predicted results are depicted in Figures 3a-d, and labeled 
“UNIFAC-Magnussen(1981)”. 
 Figures 3a-d show that the UNIFAC-Magnussen(1981) predictions model the 
general exponential relationship between the solubility of TEMO and the ethanol content 
of the aqueous phase. In order to quantitatively compare the modeled and experimental 
results, the deviations of the UNIFAC-Magnussen(1981) predictions from the measured 
aqueous mass fractions were calculated by Equation 18.  Figures 4a-d show that, in 
general, the magnitudes of the deviations increase as the mass fraction of ethanol in the 
aqueous phase increases. 
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)( experiment,
model
, etohetoh wiwi
wwabsDeviation −=           Equation 18 
Where, 
 i denotes each component 
 wetoh is the mass fraction of ethanol in the aqueous phase 
 wimodel is the modeled mass fraction of i in the aqueous phase 
 wiexperiment is the experimentally determined mass fraction of i in the aqueous phase  
 
 In order to analyze the factor of error of each modeled point, the deviation of each 
UNIFAC-Magnussen(1981) prediction from its corresponding experimental measurement 
is normalized by the value of the experimental measurement.  The normalized deviations 
are calculated by Equation 19.  The normalized deviations are plotted against their 
corresponding aqueous ethanol mass fractions in Figures 5a-d.  Figures 5a, c, and d show 
that the normalized deviations of toluene, m-xylene, and o-xylene remain within a factor 
of 2.  Figure 4b shows that the normalized deviation of ethylbenzene remains within a 
factor of 4.  For all 4 components, the greatest normalized deviations occur at 
approximately the same ethanol mass fraction range where Heermann and Powers (1998) 
measured the greatest error in UNIFAC predictions from similar LLE experiments.  
Figures 5a-d show that the UNIFAC-Magnussen(1981) predictions are consistent with 
experimental data at ethanol mass fractions above 0.6.  They also show that the 
predictions improve as the ethanol mass fraction decreases to 0.1.  The aqueous ethanol 
mass fraction ranges where the generalized UNIFAC-LLE model is consistent and 
inconsistent with experimental data are very similar to the previous UNIFAC modeling 
results of Heermann and Powers (1998).   
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −= experiment
,
experiment
,
model
,Deviation  Normalized
etoh
etohetoh
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New Group-Interaction Parameter Development 
  
 The generalized UNIFAC-LLE parameters are appropriate for modeling the log-
linear relationship observed at higher cosolvent fractions.  At the higher cosolvent 
fractions, the ethanol-water solution is homogeneous and nonpolar organic chemicals 
have access to both water and cosolvent molecules in approximate proportion to their 
mass fractions.  The generalized UNIFAC-LLE parameters are not well suited for 
modeling a heterogeneous aqueous phase where hydration spheres are entrained in a 
water matrix of dense hydrogen bonding.  The normalized deviations are largest in the 
aqueous ethanol mass fraction range of 0.1 and 0.6 because the generalized UNIFAC-
LLE method does not account for the differences in solubilization mechanisms between 
low and high ethanol fractions.  In order to account for the differences in solubilization 
mechanisms, the generalized UNIFAC-LLE method must be modified to improve the 
accuracy of activity coefficients.  The values of the activity coefficients can be adjusted 
by changing the constant parameters within the activity coefficient equation.  Rk, Qk, and 
amn are the constant parameters which can be adapted in the activity coefficient equation. 
 The volume and surface area of each functional group is assumed to be the same 
in both the homogeneous and heterogeneous ethanol-water solutions.  Therefore, the 
values of the group volume and area parameters, Rk and Qk, were not changed from those 
assigned by Magnussen et al. (1981). 
 The energy associated with the interaction of gasoline compounds with water 
and/or ethanol molecules is assumed to be different in the homogeneous aqueous phase 
versus the heterogeneous aqueous phase.  The group-interaction parameters, amn, account 
for the energy associated with the interaction between gasoline compounds and water, 
gasoline compounds and ethanol, and water and ethanol.  This study intended to identify 
which group-interaction parameters, assigned by Magnussen et al. (1981), generate the 
large normalized deviations for the aqueous ethanol mass fraction range of 0.1 to 0.6.  
After identifying these group-interaction parameters, this study attempted to change their 
values in order to improve the accuracy of the activity coefficients when the aqueous 
ethanol mass fraction was between 0.1 and 0.6.   
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 Magnussen et al. (1981) used the objective function, reported as Equation 9, to 
best-fit the amn values to numerous binary and ternary system tie-line datasets.  This 
function did not emphasize the representation of solute distribution ratios at small 
concentrations.  This objective function favors the reduction in the factor or error at high, 
as opposed to low, solute concentrations in ternary systems.  Therefore, the amn values 
reported by Magnussen et al. (1981) reduce the factor of error in a ternary phase diagram 
as the tie-lines approach the plait point. 
 A different objective function, such as the one reported in Equation 10, could also 
be used to best-fit the interaction parameters.  Equation 10 would not be biased in 
reducing the factor of error at high or low solute concentrations in ternary systems.  
Minimizing the normalized mole fraction deviations with Equation 10 would result in 
significantly larger errors in the prediction of the higher solute concentrations than would 
result from the use of Equation 9.  Consequently, the inaccuracy of the predictions of 
high solute concentrations would render the UNIFAC method useless for many chemical 
engineering applications.  Therefore, this investigation proposes that specific ranges of 
aqueous ethanol mass fractions in LLE systems should be modeled by their own unique 
set of interaction parameters.  Heermann and Powers (1998) reported that the amn values 
developed by Hansen (1991) provide predictions which are consistent with experimental 
gasoline-ethanol-water LLE data for aqueous ethanol mass fractions greater than 0.6, and 
less than 0.1.  This study attempted to find new amn values which provide predictions 
which are consistent with experimental findings for ethanol mass fractions between 0.1 
and 0.6.    
This study attempts to determine new amn values using an objective function very 
similar to Equation 9, but only considering the tie line data with aqueous ethanol 
concentrations between 0.1 and 0.6.  By emphasizing this concentration region, the 
generalized UNIFAC-LLE method is transformed from a generalized method, to a 
method specialized for modeling gasoline-ethanol-water LLE systems at mid-range 
aqueous ethanol concentrations.  This study only attempts to investigate the affect that the 
change in solubilization mechanisms has on the solubility of single-ring aromatic 
hydrocarbons.  Therefore, datasets for two ternary LLE systems of toluene, ethanol, and 
water were used to best-fit the amn parameters.  LLE data for one ternary system was 
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taken from experiments preformed by Ruiz et al. (1985).  LLE data for the second ternary 
system was taken from a collection of liquid-liquid phase equilibria complied by 
Sorensen (1980).  
   5 UNIFAC defined functional groups are required to construct the molecules of 
water, ethanol, and toluene.  3 of the 5 functional groups are exclusive to toluene.  Of the 
3 functional groups which make up toluene, only the “aromatic-CH” functional group is 
consistently found throughout all aromatic compounds.  Therefore, this study only 
investigated the interaction between the two functional groups excusive to ethanol and 
water, and the one functional group consistently used to construct every aromatic 
compound.  The three functional groups investigated, and a brief description of the 
groups is provided in Table 8.   
 
Table 8.  The investigated UNIFAC defined functional groups 
Functional Group Description 
H2O Functional group for water 
OH OH functional group for primary alcohols 
 
ACH 
Functional group for a carbon bonded to 
hydrogen in a conjugated system of double 
bounds (aromatic CH) 
 
2 group-interaction parameters exist per pair of functional groups.  Therefore, the 
values of 6 group-interaction parameters were investigated in this study.  These 6 group-
interaction parameters, and their values, as assigned by Magnussen et al. (1981), are 
provided in Table 9.  150 additional group-interaction parameters were used to model the 
Indolene Clear-ethanol-water LLE experiments.  These 150 group-interaction parameters 
were not investigated.  Throughout the entire study, the values of these 150 parameters 
were assigned the values reported by Magnussen et al. (1981). 
 
                       Table 9.  Group interactions investigated and corresponding group-interaction 
                                       parameter values assigned by Magnussen et al. (1981). 
Group-Interaction  Group-Interaction Parameter Value 
H2O-OH -122.4 
H2O-ACH 372.8 
OH-H2O 28.73 
OH-ACH -9.210 
ACH-H2O 859.4 
ACH-OH 703.9 
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amn Value Sensitivity Analysis 
 
 In order to simplify the process of minimizing the objective function, only the 
mass fraction data from a single tie-line was used to determine new amn values.  The tie-
line data used to determine the new amn values used in this study is presented in Table 7.  
This tie-line was chosen for two reasons.  The first reason is because its aqueous ethanol 
mass fraction is roughly at the midpoint of the aqueous ethanol mass fraction range of 
interest.  The second reason is because the data of the two reference ternary LLE systems 
are significantly different from each other at lower aqueous ethanol concentrations.  The 
tie-line was modeled as described in the UNIFAC-LLE Model section.   
A sensitivity analysis of UNIFAC-LLE predictions was preformed by 
independently adjusting the values of each group-interaction parameter listed in Table 9.  
The group-interaction parameter values provided in Table 9 were used as the initial 
guesses in the analysis.  New amn values were guessed by increasing and decreasing the 
initially guessed values by 10 percent.  The tie-line was modeled for every combination 
of increased, decreased, or unchanged amn value for all 6 group-interaction parameters.  
Therefore, a total of 729 different combinations of amn values were used to model the 
experimental tie-line presented in Table 7.  After each combination of amn values was 
used to model the experimental tie-line, the sum of the deviations of the modeled tie-line 
mass fraction data from the experimental tie-line mass fraction data was calculated by 
Equation 20.   
( ) [ ]∑∑ −=
i j
UNIFAC
ijij wwG
2expτ                            Equation 20 
Where, 
 i denotes each component 
 j denotes each phase 
exp
ijw  is the experimental mass fraction 
UNIFAC
ijw  is the mass fraction calculated by ASPEN Plus and UNIFAC-LLE 
 
 The amn values that minimized G(t) in Equation 20 were found by a pattern search 
routine.  Only the combinations of amn values which generated G(t) values smaller than 
the G(t) value generated by the initially guessed amn values were further analyzed.  A 
pivot table was generated that counted how many times each parameter was increased or 
decreased or unchanged out of the combinations of amn values which remained to be 
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analyzed.  The pivot table revealed that unchanged and increased H2O-OH, OH-H2O, 
H2O-ACH, ACH-H2O amn values generated a significantly larger quantity of reduced 
G(t) values than a decrease in these same parameters, or any change in the ETOH-ACH 
and ACH-ETOH parameters.  After this finding, only combinations of unchanged and 
increased H2O-OH, OH-H2O, H2O-ACH, ACH-H2O amn values were considered.  All 
the other parameters in these combinations of amn values were assigned the values listed 
in Table 9.   
 Of the few remaining amn value combinations of interest, two combinations were 
strikingly similar to combinations of amn values that Fredenslund (1977) and Magnussen 
et al. (1981) investigated to increase the accuracy of predictions for systems containing 
alcohol.  Fredenslund (1977) reported that the accuracy of the generalized UNIFAC 
method improved when modeling systems containing ethanol and water with amn values 
for OH-H2O and H2O-OH interactions that were greater than those recommended by 
Fredenslund et al. (1975).  These findings motivated the investigation of the coupled 
increase of the OH-H2O and H2O-OH amn values. 
 Combined findings of Fredenslund (1977) and Magnussen et al. (1981) motivated 
the investigation of the coupled increase of the ACH-H2O and H2O-ACH amn values.  
Fredenslund (1977) reported that the predicted solubilities of aliphatics and aromatics are 
always better when ethanol is not in the modeled system.  Magnussen et al. (1981) 
reported that the predicted solubility of aliphatics improved when modeling systems 
containing alcohol and water with amn values for CH2-H2O and H2O-CH2 interactions 
that were greater than those recommended for the generalized UNIFAC-LLE method.  
These findings lead to the hypothesis that a coupled increase in the amn values that 
describe ACH and H2O interactions may improve the predicted solubility of aromatics in 
ethanol-water mixtures. 
 A trail-and-error procedure of independently increasing the H2O-OH and OH-
H2O amn values was preformed to minimize the objective function G(t).  All the other 
group-interaction parameters were assigned the values recommended by Magnussen et al. 
(1981).  A second trial-and-error procedure of independently increasing H2O-ACH and 
ACH-H2O amn values was preformed to minimize the objective function G(t).  All the 
other group-interaction parameters were assigned the values recommended by 
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Magnussen et al. (1981).  The minimized values of G(t) were almost equal between both 
trial-and-error fitting procedures.  Predictions of the aqueous mass fraction of toluene 
using the amn values found by both fitting procedures were more accurate than predictions 
made using only the values recommended by Magnussen et al. (1981).  The aqueous 
toluene mass fraction predictions were almost equal between both trail-and-error fitting 
procedures.  A difference in the mass fractions in the water-rich and toluene-rich phases 
was observed between the two sets of amn values.  The increased H2O-OH and OH-H2O 
amn values worsened the ethanol mass fraction predictions in the water-rich phase.  The 
increased H2O-ACH and ACH-H2O amn values worsened the water mass fractions 
predictions in the toluene-rich phase. 
The increased H2O-ACH and ACH-H2O amn values were chosen to replace the 
values recommended by Magnussen et al. (1981) for use in the generalized UNIFAC-
LLE method.  All the other group-interaction parameters which were used to model the 
toluene-ethanol-water system retained the values assigned by Magnussen et al. (1981).  
The H2O-OH and OH-H2O amn values were not changed because it was deemed more 
important to represent reasonably well the solubility of ethanol in the aqueous phase than 
the solubility of water in the NAPL phase for the purpose of modeling groundwater 
contamination.  The new amn values used to replace the values recommended by 
Magnussen et al. (1981) for use in the generalized UNIFAC-LLE method are reported in 
Table 10. 
                         Table 10.  Group-interaction parameter values developed in this study. 
 
Group-Interaction Group-Interaction Parameter Value 
H2O-ACH 650 
ACH-H2O 1323 
     
 
Toluene-Ethanol-Water System Modeled with new amn Values  
  
 The amn values listed in Table 10 were used to model the experimental toluene-
ethanol-water LLE data obtained from Ruiz et al. (1985) and Sorensen (1980).  The amn 
values developed by Magnussen et al. (1981) were also used to model the experimental 
data.  Figure 6 compares the modeled and experimental toluene mass fractions in the 
aqueous phase of the toluene-ethanol-water LLE systems.  The model which utilizes the 
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parameter values in Table 10 is labeled, “UNIFAC-LLE Lewandowski (2008)”.  The 
model which only utilizes parameters developed by Magnussen et al. (1981) is labeled, 
“UNIFAC-LLE Magnussen (1981)”. 
  
 
Figure 6.  Aqueous phase toluene mass fractions resulting from toluene-ethanol-water LLE.  Experimental 
                 data and data predicted with the UNIFAC-LLE method. 
 
Figure 6 qualitatively reveals how the amn values developed in this study can 
improve the predicted toluene mass fractions in the aqueous phase with mid-range 
ethanol mass fractions.  Equation 20 was used in order to quantitatively determine at 
which aqueous ethanol mass fractions the new amn values provide a more accurate 
prediction of mutual solubilities in the toluene-ethanol-water system.  Equation 20 
calculated the sum of the squared deviation between experimental and modeled mass 
fraction data corresponding to each tie-line in the LLE system.  The values obtained with 
Equation 20, are plotted against corresponding experimental aqueous phase ethanol mass 
fractions in Figure 7.  The data in Figure 7 corresponding to the model which utilized the 
amn values in Table 10 is labeled, “UNIFAC-Lewandowksi(2008)”.  The data in Figure 7 
corresponding to the model which only utilized amn values developed by Magnussen et al. 
(1981) is labeled, “UNIFAC-Magnussen(1981)”.  
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Figure 7.  Sum of the squared deviation between experimental and modeled mass fraction data 
                 corresponding to each tie-line in the toluene-ethanol-water system. 
 
 Figure 7 reveals that the experimental tie-line data is modeled better with the amn 
values listed in Table 10 when the aqueous ethanol mass fraction is than or equal to 
0.556, and greater than or equal to 0.110.  The experimental tie-line data is modeled 
better with the amn values reported by Magnussen et al. (1981) when the aqueous ethanol 
mass fraction is greater than 0.556.  Experimental tie-line data with aqueous ethanol mass 
fractions below 0.110 were not studied. 
 
Modeled Experiments with the Modified UNIFAC-LLE Group-Interaction 
Parameters  
 
 ASPEN Plus and the UNIFAC model, utilizing the amn values listed in Table 10, 
and the rest of the amn values reported by Magnussen et al. (1981), were used to predict 
the aqueous solubility of TEMO in the Indolene Clear-ethanol-water LLE systems 
described in the Material & Methods section.  The modeled results are depicted in 
Figures 3a-d, and labeled “UNIFAC-Lewandowski(2008)”. 
Figures 3a-d show that the UNIFAC-Lewandowski(2008) predictions model the 
general exponential relationship between the solubility of TEMO and the ethanol content 
of the aqueous phase.  Figures 3a-d qualitatively show that the UNIFAC-Lewandowski 
predictions are more accurate than UNIFAC-Magnussen predictions at the mid-range 
aqueous ethanol concentrations.  In order to quantitatively compare the modeled and 
experimental results, the deviations of the UNIFAC-Lewandowski(2008) predictions 
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from the measured aqueous mass fractions were calculated by Equation 18.  Figures 8a-d 
compare the deviations of the UNIFAC-Magnussen(1981) and UNIFAC-
Lewandowski(2008) models. 
 
 
 
Figure 8.  UNIFAC-Magnussen(1981) and UNIFAC-Lewandowski(2008) model deviations from aqueous 
                 Indolene-ethanol-water LLE experiments for (a.) toluene and (b.) ethylbenzene. 
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Figure 8.  UNIFAC-Magnussen(1981) and UNIFAC-Lewandowski(2008) model deviations from aqueous 
                 Indolene-ethanol-water LLE experiments for (c.) m-xylene and (d.) o-xylene. 
 
Figures 8a-d reveal the specific aqueous ethanol mass fractions where the amn 
values listed in Table 10 provide more accurate predictions of the aqueous solubility of 
TEMO than predictions generated with only the amn values reported by Magnussen et al. 
(1981).  The predictions for the solubility of toluene are improved for aqueous ethanol 
mass fractions between 0.114 and 0.578.  The predictions for the solubility of 
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ethylbenzene are improved for the aqueous ethanol mass fractions between 0.114 and 
0.558.  The predictions for the solubility of m-xylene and o-xylene are improved for the 
aqueous ethanol mass fractions between 0.114 and 0.431. 
  Overall, the amn values developed in this study provide more accurate predictions 
of the aqueous TEMO concentrations in gasoline-ethanol-water systems when the 
aqueous ethanol mass fraction is in between 0.114 and 0.431 than predictions made using 
only the parameters reported by Magnussen et al. (1981).  
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FUTURE WORK 
 
Benzene has the most harmful health effects and is the most water soluble component of 
all the components which compose gasoline.  A gas chromatographic method should be 
utilized which is capable of measuring the mass fraction of benzene in the aqueous phase.  
During this study, a benzene peak was resolved from the water and ethanol peaks on a 
few occasions.  Therefore, a pulsed-splitless, aqueous phase injection method is probably 
capable of quantifying benzene.  A few adjustments to the analytical methods used in this 
study could make the task of quantifying benzene more reliable.  A different column 
could be used which is better at resolving the benzene peak from ethanol and water.  The 
flowrate of the carrier gas throughout the column could be adjusted to resolve the 
benzene peak.  A different oven temperature program could also improve the ability to 
resolve the benzene peak.   
 Previous studies have successfully quantified benzene in various mixtures of 
ethanol and water using gas chromatographic analyses.  Potter (1996) and Rixey et al. 
(2005) quantified benzene in mixtures of water and ethanol using GC/FID with direct 
aqueous injection.  Potter (1996) confirmed the validity of the direct aqueous injection 
measurements with the purge and trap analysis technique specified in the U.S. EPA 
Method 5030.   
 The aqueous solubility of benzene in gasoline-ethanol-water mixtures should be 
predicted with the UNIFAC-LLE method and the amn values listed in Table 10 when the 
aqueous ethanol mass fraction is in between 0.114 and 0.431.  These predictions should 
be compared to corresponding experimental results to determine if the amn values in Table 
10 accurately describe the behavior of benzene.       
 A combined ASPEN Plus and UNIFAC-LLE method should be developed that is 
specialized for modeling gasoline-ethanol-water LLE. Using binary and ternary system 
data, different sets of amn values should be found which most accurately describe certain 
aqueous ethanol mass fraction ranges.  For example, for the aqueous ethanol mass 
fraction ranges of 0 to 0.114 and 0.431 to 0.75, the amn values used by Heermann and 
Powers (1998), should be used to model LLE.  For the aqueous ethanol mass fraction 
range of 0.144 to 0.431, the amn values reported in Table 10 should be used to model 
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LLE.  When modeling LLE, ASPEN Plus should keep track of the aqueous ethanol mass 
fractions and inform the UNIFAC-LLE program of the proper amn values to use.   
 The amn values reported in Table 10 were selected to improve the predicted 
solubilities of aromatic species only.  An amn parameter fitting procedure, similar to the 
one described in the Results and Discussion section, should be used to find new amn 
values which improve the predicted solubilities of aliphatics in ethanol-water mixtures.  
The CH2-H2O and H2O-CH2 amn values should be investigated to determine if different 
sets of values can better describe aliphatic solubilities for certain aqueous ethanol mass 
fraction ranges.    
The ability of the amn values presented in Table 10 to predict the aqueous solubilities of 
BTEX should be tested for gasoline, ethanol and synthetic groundwater mixtures.  A 
synthetic groundwater, similar to the one utilized by Heermann and Powers (1998), 
should be used in laboratory experiments.  The solubilities predicted with the amn values 
from Table 10 should be compared to measurements from corresponding laboratory 
experiments to test the validity of the new amn values in a more realistic environment. 
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APPENDIX A – GAS CHROMATOGRAPHY ANALYSIS RESULTS 
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Calibration Curve and Corresponding Aqueous Phase Mass and Molar Fractions
Calibration Curve Data Corresponding Aqueous Phase Data
Toluene Toluene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
0.409146872 2.0924E-06 11.05613333 0.43852214 E50 VW/VF = 0.25 10:1 31186.86667 1321.99 5999.25199 271.8948711 0.018641479 0.00079136
1.02286718 5.231E-06 33.34716667 6.33629916 E50 VW/VF = 0.4 ND 126413.6667 3428.176 2558.462918 70.50758416 0.007564547 0.00020522
1.636587489 8.3696E-06 67.22196667 1.229809 E50 VW/VF = 1.0 ND 12838.23333 568.0229 222.5472921 11.68257523 0.000765775 3.4003E-05
8.182937443 4.1848E-05 595.171 4.17900108 E50 VW/VF = 2.5 ND 4828.826667 291.6355 68.34489363 4.10751067 0.00029776 1.78E-05
105.7016357 0.000459018 7478.45 158.604051
234.4342111 0.000949177 16005.45 6.43467171
1058.389312 0.003648037 61896.7 1873.55013
3419.929732 0.009887614 164881 780.645886
Calibration Curve Data Corresponding Aqueous Phase Data
Ethylbenzene Ethylbenzene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
0.110664032 6.52093E-07 0.972999333 0.10228404 E50 VW/VF = 0.25 ND 1418.18 339.5164 51.08747186 19.70633918 0.000218052 7.6467E-05
0.177062452 1.04335E-06 2.071256667 0.11290542 E50 VW/VF = 0.4 ND 418.2336667 88.31675 12.74797447 4.467656582 5.71222E-05 1.7743E-05
0.88531226 5.21674E-06 37.7091 1.71925943 E50 VW/VF = 1.0 ND 20.6018 NA 0.556519087 NA 3.11879E-06 NA
13.72303596 6.8665E-05 583.6375 99.7027633 E50 VW/VF = 2.5 ND 3.105243333 0.306049 0.176011168 0.006279209 1.03715E-06 3.7001E-08
32.4652092 0.000151455 1342.85 50.883404
203.5683076 0.000808466 3990.53* NA
Calibration Curve Data Corresponding Aqueous Phase Data
M-xylene M-xylene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
0.404364077 2.38273E-06 16.01956667 0.76477159 E50 VW/VF = 0.25 ND 7189.496667 294.9459 90.00261065 3.668142216 0.000381877 1.4491E-05
0.646982523 3.81238E-06 30.17636667 1.42758231 E50 VW/VF = 0.4 ND 2353.24 13.28655 29.85572335 0.165240274 0.000144268 6.5278E-07
3.234912617 1.90619E-05 233.011 3.17066681 E50 VW/VF = 1.0 ND 134.2513333 6.630148 1.807183564 0.083750604 1.25154E-05 3.9085E-07
45.58517134 0.000228091 3653.755 5.18309271 E50 VW/VF = 2.5 ND 30.9175 3.005039 0.625701908 0.038827725 3.68698E-06 2.2879E-07
121.3232731 0.000565989 9575.655 1.32228968
710.0237163 0.00281984 57063.6* NA
Calibration Curve Data Corresponding Aqueous Phase Data
O-xylene O-xylene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
0.148083233 8.72587E-07 8.44143 0.19017462 E50 VW/VF = 0.25 ND 3087.55 170.9996 47.69810379 3.230193824 0.000192584 1.0731E-05
0.236933172 1.39614E-06 12.74153333 0.25947286 E50 VW/VF = 0.4 ND 1057.4 28.46558 15.39313438 0.427766711 7.02818E-05 1.6936E-06
1.184665862 6.9807E-06 75.11275 1.31415795 E50 VW/VF = 1.0 ND 65.78516667 8.499203 1.095370483 0.120514734 6.62956E-06 5.6124E-07
15.30271009 7.65691E-05 1039.2835 65.8125494 E50 VW/VF = 2.5 ND 19.03063333 1.684951 0.322049572 0.025939434 1.89769E-06 1.5285E-07
48.8731266 0.000228 3443.745 78.9060457
204.3011563 0.000811377 13589.25 521.915515
1162.437868 0.003872416 61601.7 1574.30254
* A single measurement, not an averaged value
NA Not Applicable
σ 2a Standard Deviation of Measured Peak Area
σ 2n Standard Deviation of Calculated Mole Fraction * 106
σ 2m Standard Deviation of Calculated Mass Fraction
ND Not Diltuted
Calculated and Corrected for Dilution
Calculated and Corrected for Dilution
Calculated and Corrected for Dilution
Calculated and Corrected for Dilution
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Calibration Curve and Corresponding Aqueous Phase Mass and Molar Fractions
Calibration Curve Data Corresponding Aqueous Phase Data
Toluene Toluene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
0.409146872 2.0924E-06 11.05613333 0.43852214 E60 VW/VF = 0.25 20:1 21427.76667 135.7077 7142.542032 56.96682135 0.025064979 0.000163
1.02286718 5.231E-06 33.34716667 6.33629916 E60 VW/VF = 0.4 10:1 18359.86667 273.4353 2904.981736 46.73149539 0.010673027 0.00015828
1.636587489 8.3696E-06 67.22196667 1.229809 E60 VW/VF = 1.0 ND 20924.03333 625.9834 346.5543442 13.13863955 0.00122 0.0000377
8.182937443 4.1848E-05 573.466 8.66912914 E60 VW/VF = 2.5 ND 4780.085 5.56493 63.71974333 0.073424854 0.000277966 3.17E-07
105.7016357 0.000459018 7961.785 203.286129
234.4342111 0.000949177 16285.2 535.279833
1058.389312 0.003648037 62937.8 3620.52814
3419.929732 0.009887614 164267.5 2484.06612
Calibration Curve Data Corresponding Aqueous Phase Data
Ethylbenzene Ethylbenzene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
0.110664032 6.52093E-07 0.972999333 0.10228404 E60 VW/VF = 0.25 ND 2321.413333 132.7445 82.38989082 6.475348999 0.000339515 2.5129E-05
0.177062452 1.04335E-06 2.071256667 0.11290542 E60 VW/VF = 0.4 ND 386.6036667 40.42131 7.957776095 0.815706426 3.99768E-05 4.0619E-06
0.88531226 5.21674E-06 31.6802 0.56313984 E60 VW/VF = 1.0 ND 38.04596667 8.13561 1.024510272 0.163 7.42604E-06 0.00000075
13.72303596 6.8665E-05 672.496 82.5221898 E60 VW/VF = 2.5 ND 4.30053 NA 0.242857565 NA 1.55942E-06 NA
32.4652092 0.000151455 1611.81 376.477792
203.5683076 0.000808466 4732.965 975.220459
900.8751786 0.003001075 135639.5 1909.89542
Calibration Curve Data Corresponding Aqueous Phase Data
M-xylene M-xylene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
0.404364077 2.38273E-06 16.01956667 0.76477159 E60 VW/VF = 0.25 ND 11013.16667 308.7877 138.0803446 3.882310881 0.000571802 1.5339E-05
0.646982523 3.81238E-06 30.17636667 1.42758231 E60 VW/VF = 0.4 ND 4167.803333 168.2847 52.01528634 2.115801722 0.000231757 8.3596E-06
3.234912617 1.90619E-05 207.9645 0.57629203 E60 VW/VF = 1.0 ND 257.5863333 9.738188 3.447456726 0.114057472 1.84396E-05 5.677E-07
45.58517134 0.000228091 3856.82 119.317198 E60 VW/VF = 2.5 ND 27.87165 1.292803 0.595014086 0.01896023 3.50615E-06 1.1172E-07
121.3232731 0.000565989 9670.265 261.113321
710.0237163 0.00281984 56492.25 4293.34024
2821.525028 0.009399313 81300.65 3361.93919
Calibration Curve Data Corresponding Aqueous Phase Data
O-xylene O-xylene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
0.148083233 8.72587E-07 8.44143 0.19017462 E60 VW/VF = 0.25 ND 4367.62 64.94715 62.97523495 0.96252927 0.000263351 3.7677E-06
0.236933172 1.39614E-06 12.74153333 0.25947286 E60 VW/VF = 0.4 ND 1757.166667 10.03108 23.73786619 0.132249234 0.000112846 6.0978E-07
1.184665862 6.9807E-06 68.1286 1.4999149 E60 VW/VF = 1.0 ND 121.123 3.504045 1.876229178 0.046546807 1.02725E-05 2.1674E-07
15.30271009 7.65691E-05 1087.22 42.7375339 E60 VW/VF = 2.5 ND 13.6611 0.83481 0.245210307 0.014407193 1.44491E-06 8.4895E-08
48.8731266 0.000228 3672.195 237.510097
204.3011563 0.000811377 13841.35 876.176013
1162.437868 0.003872416 62852.8 1059.81164
* A single measurement, not an averaged value
NA Not Applicable
σ 2a Standard Deviation of Measured Peak Area
σ 2n Standard Deviation of Calculated Mole Fraction * 10 6
σ 2m Standard Deviation of Calculated Mass Fraction
ND Not Diltuted
Calculated and Corrected for Dilution
Calculated and Corrected for Dilution
Calculated and Corrected for Dilution
Calculated and Corrected for Dilution
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Calibration Curve and Corresponding Aqueous Phase Mass and Molar Fractions
Calibration Curve Data Corresponding Aqueous Phase Data
Toluene Toluene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
0.818293744 4.1848E-06 33.30453333 1.32853665 E40 VW/VF = 0.25 5:1 39430.5 759.2279 3479.676492 72.88348753 0.011404127 0.00020787
1.363822907 6.97466E-06 78.78176667 2.05150911 E40 VW/VF = 0.4 ND 73574.93333 1389.008 1364.769569 26.3083638 0.004125121 7.6748E-05
2.045734361 1.0462E-05 99.0316 3.88896348 E40 VW/VF = 1.0 ND 8300.27 259.4063 128.8064723 4.093450603 0.000499573 1.5275E-05
4.091468722 2.0924E-05 217.21 7.91249664 E40 VW/VF = 2.5 ND 3921.12 141.36 56.9560754 2.033239792 0.000248662 8.79E-06
8.182937443 4.1848E-05 524.3516667 5.37141884 E70 VW/VF = 0.25 10:1 45636.03333 527.4117 8150.776305 101.2597163 0.026206307 0.0002888
105.7016357 0.000459018 7311.145 131.11881 E70 VW/VF = 0.4 5:1 46350.7 395.1647 4143.993902 37.93456935 0.013298823 0.00010819
234.4342111 0.000949177 15625.1 710.925158
644.0555785 0.002392955 40627.43333 1270.47086
1058.389312 0.003648037 60059.85 1802.4859
3419.929732 0.009887614 179889.5 3151.57492
Calibration Curve Data Corresponding Aqueous Phase Data
Ethylbenzene Ethylbenzene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
0.147552043 8.69457E-07 1.000174333 0.07163151 E40 VW/VF = 0.25 ND 693.523 85.48355 14.89260086 1.797140046 6.73929E-05 7.6842E-06
0.221328065 1.30419E-06 2.17305 0.13259372 E40 VW/VF = 0.4 ND 185.6956667 31.29462 4.216432113 0.657913864 2.1744E-05 2.8131E-06
0.44265613 2.60837E-06 5.352593333 0.95608006 E40 VW/VF = 1.0 ND 6.192163333 0.753364 0.442689411 0.015838135 5.60834E-06 6.772E-08
0.88531226 5.21674E-06 23.29 0.42712008 E40 VW/VF = 2.5 ND 2.055683333 0.336908 0.216904088 0.022970856 1.27812E-06 1.3536E-07
13.72303596 6.8665E-05 598.0045 29.9141524 E70 VW/VF = 0.25 ND 2698.66 91.88146 71.32093663 2.471487022 0.000309825 1.0458E-05
32.4652092 0.000151455 1563.985 359.486016 E70 VW/VF = 0.4 ND 983.8886667 30.59332 25.19590422 0.822918893 0.000114649 3.4821E-06
120.7793484 0.000517061 5724.906667 1078.8451
Calibration Curve Data Corresponding Aqueous Phase Data
M-xylene M-xylene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
0.323491262 1.90619E-06 14.121 1.34598651 E40 VW/VF = 0.25 ND 4472.31 207.847 16.957823 0.255082926 0.000262528 1.1E-05
0.539152103 3.17698E-06 24.629 0.67277922 E40 VW/VF = 0.4 ND 1233.733333 19.38804 16.52956762 0.255366158 8.03638E-05 1.1943E-06
0.808728154 4.76547E-06 42.15343333 1.68253309 E40 VW/VF = 1.0 ND 79.66203333 4.306264 1.419928563 0.066428836 8.367E-06 3.9144E-07
1.617456308 9.53094E-06 78.35406667 4.78764796 E40 VW/VF = 2.5 ND 24.30836667 1.223025 0.511444566 0.024511148 3.01371E-06 1.4443E-07
3.234912617 1.90619E-05 201.7196667 2.48004321 E70 VW/VF = 0.25 ND 12405.15 480.9033 164.3958147 6.319333731 0.000707153 2.5032E-05
45.58517134 0.000228091 3484.045 62.2041835 E70 VW/VF = 0.4 ND 5675.383333 115.3507 75.44708906 1.546194366 0.000347734 6.5422E-06
121.3232731 0.000565989 9173.755 411.811918
416.6357082 0.001783633 31103.16667 555.695036
710.0237163 0.00281984 54197.3 2142.10928
Calibration Curve Data Corresponding Aqueous Phase Data
O-xylene O-xylene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
0.118466586 6.9807E-07 5.943463333 0.27370948 E40 VW/VF = 0.25 ND 1966.853333 115.2049 28.01212902 1.624893409 0.000131836 7.58E-06
0.19744431 1.16345E-06 10.1945 0.38585071 E40 VW/VF = 0.4 ND 561.8146667 24.93455 8.205793481 0.354253636 3.89105E-05 1.5273E-06
0.296166465 1.74517E-06 15.49173333 0.10901708 E40 VW/VF = 1.0 ND 38.1106 0.720521 0.718248168 0.012774647 4.23231E-06 7.5275E-08
0.592332931 3.49035E-06 25.1104 1.57922858 E40 VW/VF = 2.5 ND 14.88106667 1.45094 0.284760401 0.027004516 1.67796E-06 1.5913E-07
1.184665862 6.9807E-06 66.00786667 0.45060001 E70 VW/VF = 0.25 ND 5015.326667 108.9287 75.91364109 1.843832588 0.000315405 6.0674E-06
15.30271009 7.65691E-05 996.672 20.0931463 E70 VW/VF = 0.4 ND 2607.783333 117.9604 35.16123497 1.996711559 0.000181302 6.5705E-06
48.8731266 0.000228 3465.59 338.91628
111.88999 0.000479005 7849.666667 254.776131
204.3011563 0.000811377 12959.45 771.524209
1162.437868 0.003872416 69060.7 1165.02913
* A single measurement, not an averaged value
NA Not Applicable
σ 2a Standard Deviation of Measured Peak Area
σ 2n Standard Deviation of Calculated Mole Fraction * 10 6
σ 2m Standard Deviation of Calculated Mass Fraction
ND Not Diltuted
Calculated and Corrected for Dilution
Calculated and Corrected for Dilution
Calculated and Corrected for Dilution
Calculated and Corrected for Dilution
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Calibration Curve and Corresponding Aqueous Phase Mass and Molar Fractions
Calibration Curve Data Corresponding Aqueous Phase Data
Toluene Toluene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
0.818293744 4.1848E-06 23.28375 2.02267895 E70 VW/VF = 1.0 ND 30905.26667 996.1862 547.0066344 18.54251649 0.001710811 5.3874E-05
1.636587489 8.3696E-06 53.7633 3.9674308 E70 VW/VF = 2.5 ND 5559.276667 110.4132 77.55038701 1.559908645 0.000329041 6.24E-06
2.045734361 1.0462E-05 76.39753333 1.3249179
8.182937443 4.1848E-05 555.6535 8.51710118
105.7016357 0.000459018 7721.24 128.679292
234.4342111 0.000949177 16588.1 102.813326
1058.389312 0.003648037 63398.4 1033.79011
3419.929732 0.009887614 183274.5 2055.55941
Calibration Curve Data Corresponding Aqueous Phase Data
Ethylbenzene Ethylbenzene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
0.177062452 1.04335E-06 0.996630333 0.12381002 E70 VW/VF = 1.0 ND 51.0887 8.160216 1.360867406 0.150483538 8.99059E-06 6.9435E-07
0.221328065 1.30419E-06 1.443536667 0.14385494 E70 VW/VF = 2.5 ND 3.1249 0.569537 0.245355279 0.013841268 1.44577E-06 8.156E-08
0.88531226 5.21674E-06 29.46855 0.27343819
13.72303596 6.8665E-05 714.4975 5.26723841
32.4652092 0.000151455 1740.555 103.598215
203.5683076 0.000808466 4106.14 21.0576399
Calibration Curve Data Corresponding Aqueous Phase Data
M-xylene M-xylene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
0.323491262 1.90619E-06 8.998405 0.83193234 E70 VW/VF = 1.0 ND 436.745 15.01343 5.721800246 0.182273439 3.23776E-05 8.4744E-07
0.646982523 3.81238E-06 20.15103333 1.1536292 E70 VW/VF = 2.5 ND 45.9587 0.65316 0.940508521 0.008786058 5.54199E-06 5.1772E-08
0.808728154 4.76547E-06 30.4372 1.14827636
3.234912617 1.90619E-05 217.3285 5.65473293
45.58517134 0.000228091 3745.67 85.8003368
121.3232731 0.000565989 9949.295 28.6166114
710.0237163 0.00281984 58888 1103.65226
Calibration Curve Data Corresponding Aqueous Phase Data
O-xylene O-xylene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
0.118466586 6.9807E-07 4.080005 0.23244721 E70 VW/VF = 1.0 ND 189.9173333 9.579148 2.229802488 0.140615231 1.64758E-05 5.5838E-07
0.236933172 1.39614E-06 7.881203333 0.31785088 E70 VW/VF = 2.5 ND 19.30683333 0.620041 0.396827067 0.009943868 2.33832E-06 5.8595E-08
0.296166465 1.74517E-06 12.1612 2.06919298
1.184665862 6.9807E-06 68.62635 2.89015755
15.30271009 7.65691E-05 1039.775 20.1030458
48.8731266 0.000228 3668.82 12.6006428
204.3011563 0.000811377 13879.35 446.820775
1162.437868 0.003872416 69588.9 1195.85899
* A single measurement, not an averaged value
NA Not Applicable
σ 2a Standard Deviation of Measured Peak Area
σ 2n Standard Deviation of Calculated Mole Fraction * 106
σ 2m Standard Deviation of Calculated Mass Fraction
ND Not Diltuted
Calculated and Corrected for Dilution
Calculated and Corrected for Dilution
Calculated and Corrected for Dilution
Calculated and Corrected for Dilution
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Calibration Curve and Corresponding Aqueous Phase Mass and Molar Fractions
Calibration Curve Data Corresponding Aqueous Phase Data
Toluene Toluene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
8.182937443 4.1848E-05 649.2125 13.6224121 E85 VW/VF = 0.25 10:1 39512.83333 190.036 7378.756655 40.18336283 0.023445623 0.00011529
105.7016357 0.000459018 7455.605 32.6188358 E85 VW/VF = 0.4 10:1 27478 375.4791 4833.974642 79.39558062 0.016144455 0.00022779
234.4342111 0.000949177 16500.5 348.745064 E85 VW/VF = 1.0 ND 45667.7 719.6781 868.0211652 15.21769128 0.002717959 4.3661E-05
1058.389312 0.003648037 64042.85 2198.60711
3419.929732 0.009887614 162699.5 7535.63697
Calibration Curve Data Corresponding Aqueous Phase Data
Ethylbenzene Ethylbenzene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
0.88531226 5.21674E-06 47.46015 4.07668273 E85 VW/VF = 0.25 ND 4996.29 262.1402 121.4555268 5.521099422 0.000440289 1.8223E-05
13.72303596 6.8665E-05 783.5915 35.2117964 E85 VW/VF = 0.4 ND 1666.263333 99.93282 55.50924237 2.092763657 0.000232381 6.8795E-06
32.4652092 0.000151455 1616.39 169.309648 E85 VW/VF = 1.0 ND 107.2689333 20.99509 2.078984797 0.361339071 1.11163E-05 1.7859E-06
203.5683076 0.000808466 5212.085 324.682221
900.8751786 0.003001075 42405.3 12051.3623
Calibration Curve Data Corresponding Aqueous Phase Data
M-xylene M-xylene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
3.234912617 1.90619E-05 250.82 0.29415642 E85 VW/VF = 0.25 ND 10850.28667 193.8812 132.0374476 5.433418026 0.000499549 1.7732E-05
45.58517134 0.000228091 3683.03 51.5480843 E85 VW/VF = 0.4 ND 7058.6 347.5108 35.5442396 5.711057898 0.000333622 1.8755E-05
121.3232731 0.000565989 9975.575 59.856589 E85 VW/VF = 1.0 ND 757.141 16.75812 9.905762809 0.204289201 5.19874E-05 1.0083E-06
710.0237163 0.00281984 57146.55 1982.37386
2821.525028 0.009399313 173824.5 10469.2816
Calibration Curve Data Corresponding Aqueous Phase Data
O-xylene O-xylene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
1.184665862 6.9807E-06 81.8599 2.71741136 E85 VW/VF = 0.25 ND 4228.693333 63.75851 59.22218068 0.930029134 0.000248652 3.6414E-06
15.30271009 7.65691E-05 1148.69 12.1480945 E85 VW/VF = 0.4 ND 2777.016667 125.4833 35.56577081 1.588903576 0.000167384 7.3264E-06
48.8731266 0.000228 3835.935 68.4267232 E85 VW/VF = 1.0 ND 327.7383333 10.22511 4.521729826 0.134258711 2.34292E-05 6.6177E-07
204.3011563 0.000811377 14095.05 126.21856
1162.437868 0.003872416 60201 2519.42146
* A single measurement, not an averaged value
NA Not Applicable
σ 2a Standard Deviation of Measured Peak Area
σ 2n Standard Deviation of Calculated Mole Fraction * 106
σ 2m Standard Deviation of Calculated Mass Fraction
ND Not Diltuted
Calculated and Corrected for Dilution
Calculated and Corrected for Dilution
Calculated and Corrected for Dilution
Calculated and Corrected for Dilution
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Calibration Curve and Corresponding Aqueous Phase Mass and Molar Fractions
Calibration Curve Data Corresponding Aqueous Phase Data
Toluene Toluene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
1.02286718 5.231E-06 53.1593 0.82236519 E85 VW/VF = 2.5 ND 8017.116667 448.5358 117.9041771 6.972565698 0.00044861 2.4429E-05
1.363822907 6.97466E-06 74.5225 1.55973921
2.045734361 1.0462E-05 123.127 5.16612214
4.091468722 2.0924E-05 257.2163333 1.37728368
8.182937443 4.1848E-05 613.0463333 23.7885746
105.7016357 0.000459018 8138.125 303.030611
234.4342111 0.000949177 16144.35 442.012449
644.0555785 0.002392955 44370.05 367.907658
1058.389312 0.003648037 66590.1 1477.71175
3419.929732 0.009887614 183349 8425.8844
Calibration Curve Data Corresponding Aqueous Phase Data
Ethylbenzene Ethylbenzene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
0.147552043 8.69457E-07 1.38891 0.33702455 E85 VW/VF = 2.5 ND 7.251623333 0.806476 0.431118755 0.037561746 2.54039E-06 2.2133E-07
0.221328065 1.30419E-06 2.473395 0.34688537
0.44265613 2.60837E-06 7.547566667 1.0382154
0.88531226 5.21674E-06 35.74573333 3.40608136
13.72303596 6.8665E-05 628.9235 52.2756972
32.4652092 0.000151455 1309.375 32.4774145
120.7793484 0.000517061 4759.55 217.605041
203.5683076 0.000808466 5391.54 211.976471
Calibration Curve Data Corresponding Aqueous Phase Data
M-xylene M-xylene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
0.404364077 2.38273E-06 18.44833333 1.2273395 E85 VW/VF = 2.5 ND 81.29986667 5.906491 1.409321664 0.09535845 8.30449E-06 5.619E-07
0.539152103 3.17698E-06 26.9531 1.77415623
0.808728154 4.76547E-06 45.67005 2.94700893
1.617456308 9.53094E-06 93.67396667 3.32696357
3.234912617 1.90619E-05 219.5983333 16.1915205
45.58517134 0.000228091 4047.72 100.5223
121.3232731 0.000565989 9554.36 330.614847
416.6357082 0.001783633 35152.95 215.8797
710.0237163 0.00281984 59423.95 1236.37621
Calibration Curve Data Corresponding Aqueous Phase Data
O-xylene O-xylene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
0.148083233 8.72587E-07 7.721623333 1.10181029 E85 VW/VF = 2.5 ND 37.0577 3.412881 0.482678736 0.047456949 3.3839E-06 2.2156E-07
0.19744431 1.16345E-06 11.14763667 1.78443832
0.296166465 1.74517E-06 17.46425 1.34385644
0.592332931 3.49035E-06 34.97596667 1.73639609
1.184665862 6.9807E-06 84.291 5.6397028
15.30271009 7.65691E-05 1147.205 35.659395
48.8731266 0.000228 3502.78 71.6299169
111.88999 0.000479005 8418.98 33.9694098
204.3011563 0.000811377 14556.25 89.0247438
1162.437868 0.003872416 74140.5 1723.21923
* A single measurement, not an averaged value
NA Not Applicable
σ 2a Standard Deviation of Measured Peak Area
σ 2n Standard Deviation of Calculated Mole Fraction * 10 6
σ 2m Standard Deviation of Calculated Mass Fraction
ND Not Diltuted
Calculated and Corrected for Dilution
Calculated and Corrected for Dilution
Calculated and Corrected for Dilution
Calculated and Corrected for Dilution
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Calibration Curve and Corresponding Aqueous Phase Mass and Molar Fractions
Calibration Curve Data Corresponding Aqueous Phase Data
Toluene Toluene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
0.818293744 4.1848E-06 22.33275 0.34471456 E90 VW/VF = 1.0 ND 55615.43333 2070.869 981.2594469 38.3416741 0.003021005 0.00011176
1.636587489 8.3696E-06 60.91136667 12.1902399 E90 VW/VF = 2.5 ND 7849.89 169.4973 97.99818712 2.08562801 0.000425956 9.0039E-06
4.091468722 2.0924E-05 175.1073333 8.57534054
8.182937443 4.1848E-05 476.747 2.00959747
105.7016357 0.000459018 8480.5 214.81904
234.4342111 0.000949177 15935.75 442.295292
644.0555785 0.002392955 43608.15 1266.35753
1058.389312 0.003648037 67798.6 275.205959
3419.929732 0.009887614 182823 4263.85389
Calibration Curve Data Corresponding Aqueous Phase Data
Ethylbenzene Ethylbenzene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
0.44265613 2.60837E-06 3.661686667 0.26455438 E90 VW/VF = 1.0 ND 114.6823333 17.25816 2.368559585 0.28331787 1.23635E-05 1.4049E-06
0.88531226 5.21674E-06 17.92255 5.49528035 E90 VW/VF = 2.5 ND 3.739783333 0.452326 0.547275349 0.00742559 3.33196E-06 3.6822E-08
13.72303596 6.8665E-05 806.448 14.7841886
32.4652092 0.000151455 1273.095 131.51479
120.7793484 0.000517061 2783.17 368.812755
203.5683076 0.000808466 3457.04 25.8942503
Calibration Curve Data Corresponding Aqueous Phase Data
M-xylene M-xylene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
0.323491262 1.90619E-06 8.178045 0.40485399 E90 VW/VF = 1.0 ND 1032.316667 46.52208 11.89258214 0.50543166 6.04973E-05 2.5152E-06
0.646982523 3.81238E-06 22.9367 4.70007448 E90 VW/VF = 2.5 ND 67.4837 2.568325 1.603972194 0.05535249 9.45148E-06 3.2617E-07
1.617456308 9.53094E-06 68.1446 3.54095337
3.234912617 1.90619E-05 185.057 5.21137698
45.58517134 0.000228091 4135.86 206.517607
121.3232731 0.000565989 9509.72 306.13481
416.6357082 0.001783633 36625.75 1227.32524
710.0237163 0.00281984 62998.5 779.797358
Calibration Curve Data Corresponding Aqueous Phase Data
O-xylene O-xylene
Mole Fraction * 
106 Mass Fraction
Average FID 
Peak Area σ 2a Fuel
Water/Fuel 
Ratio
Dilutant:Aqueous 
Phase Dilution Ratio
Average FID 
Peak Area σ 2a
Mole Fraction * 
106 σ 2n Mass Fraction σ 2m
0.118466586 6.9807E-07 4.43924 0.59303632 E90 VW/VF = 1.0 ND 453.1876667 29.69276 6.294160105 0.39932473 3.12801E-05 1.7182E-06
0.236933172 1.39614E-06 9.549733333 1.00485554 E90 VW/VF = 2.5 ND 32.39833333 2.652026 0.667146214 0.04857773 3.93119E-06 2.8625E-07
0.592332931 3.49035E-06 24.371 0.8821803
1.184665862 6.9807E-06 61.9611 0.71262221
15.30271009 7.65691E-05 1170 38.579746
48.8731266 0.000228 3546.92 89.7459927
111.88999 0.000479005 8329.31 142.962849
204.3011563 0.000811377 14938.15 341.603286
1162.437868 0.003872416 70347.25 2371.84828
* A single measurement, not an averaged value
NA Not Applicable
σ 2a Standard Deviation of Measured Peak Area
σ 2n Standard Deviation of Calculated Mole Fraction * 10 6
σ 2m Standard Deviation of Calculated Mass Fraction
ND Not Diltuted
Calculated and Corrected for Dilution
Calculated and Corrected for Dilution
Calculated and Corrected for Dilution
Calculated and Corrected for Dilution
65 
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Peak Area Measured for a Toluene 
Standard Over an 8 Week Period 
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Peak Area Measured for an Ethylbenzene Standard 
Over an 8 Week Period 
Mass Fraction = 0.0000687
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Peak Area Measured for a m-Xylene 
Standard Over an 8 Week Period 
Mass Fraction = 0.00282
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Peak Area Measured for an o-Xylene 
Standard Over an 8 Week Period 
Mass Fraction = 0.0000766
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APPENDIX C - INDOLENE CLEAR FUEL ANALYSIS DATASHEET 
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Indolene Clear Gasoline Analysis
FUEL INDOLENE GFT1
Analysis Abbreviation Value Units
Research Octane Number RON 98.3
Motor Octane Number MON 88.9
Antiknock Index R+M/2 93.6
American Petroleum Institute Gravity API 0.7381
Specific Gravity SP 60.1200
Reid Vapor Pressure RVP 8.28 psi
Initial Boiling Point IBP 92.3 oF
10% Evaporation Boiling Point 128 oF
30% Evaporation Boiling Point 161.3 oF
50% Evaporation Boiling Point 211.7 oF
70% Evaporation Boiling Point 235.4 oF
90% Evaporation Boiling Point 308 oF
Final Boiling Point FBP 383.9 oF
Evaporated Residue res 1.3 weight %
Percent Evaporated at 158 oF E158 28.4 volume %
Percent Evaporated at 200 oF E200 44.8 volume %
Percent Evaporated at 250 oF E250 79.3 volume %
Percent Evaporated at 300 oF E300 89.3 volume %
Percent Evaporated at 330 oF E330 92.6 volume %
Sulfur Content S 54 ppmw
anthracenes weight %
pyrenes weight %
naphthalenes weight %
Saybolt Color 27 degrees
Induction period oxstab min >1440 minutes
Potential Insoluble Gum Pguminsol 0.2 mg/100ml
Soluble class "bk" elastomer bk sol 0.8 mg/100ml
Total Potential Gum tot Pot Gum 1.7 mg/100ml
BW BW 2.2
AW AW 0.8
Nitrogen Chemiluminescence N chemilum ppmw 1 ppmw
Mercaptans mercap ppmw 2.7 ppmw
PIONA Analysis
Paraffins and Naphthalenes 65.8 volume %
Olefins 3.1 volume %
Aromatics 31.2 volume %
Gas Chromatograph Analysis
benzene 0.41 volume %
toluene 20.17 volume %
ethylbenzene, m-xylene, p-xylene 0.73 volume %
o-xylene volume %
C9 + aromatics 9.82 volume %
total aromatics 31.2 volume %
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INDOLENE CLEAR GASOLINE
Wt% Vol% Wt% O2
Total Saturates 60.25 65.8
High boiling saturates 2.9 2.52 0
Total Parafins 55.57 61.56 0
C3 paraffins 0 0 0
C4 paraffins 0.46 0.6 0
C5 paraffins 21.71 25.95 0
C6 paraffins 5.18 5.77 0
C7 paraffins 6.04 6.44 0
C8 paraffins 19.38 20.01 0
C9 paraffins 1.92 1.93 0
C10 paraffins 0.88 0.87 0
C11 paraffins 0 0 0
>C11 Paraffins 0 0 0
polynaphthene 0 0 0
Total naphthenes 1.78 1.71 0
C5 naphthenes 0.11 0.11 0
C6 naphthenes 0.96 0.92 0
C7 naphthenes 0.54 0.52 0
C8 naphthenes 0.17 0.16 0
C9 naphthenes 0 0 0
C10 naphthenes 0 0 0
C11 naphthenes 0 0 0
polynaphthene 0 0 0
70
s
Total Olefins 2.8 3
total cyclo olefins 0.24 0.22 0
C5 cyclo olefins 0.06 0.05 0
C6 cyclo olefins 0.13 0.12 0
C7 cyclo olefins 0.05 0.05 0
C8 cyclo olefins 0 0 0
C9 cyclo olefins 0 0 0
C10 cyclo olefins 0 0 0
C11 cyclo olefins 0 0 0
Total Straight Olefin 2.56 2.83 0
C3 olefins 0 0 0
C4 olefins 0.06 0.07 0
C5 olefins 1.45 1.63 0
C6 olefins 0.73 0.79 0
C7 olefins 0.24 0.25 0
C8 olefins 0.08 0.08 0
C9 olefins 0 0 0
C10 olefins 0 0 0
C11 olefins 0 0 0
total arom. 37.0 31.2 0
benzene 0.46 0.39 0
toluene 24.31 20.52 0
C8 aromatics 0.81 0.68 0
C9 aromatics 9 7.56 0
C10 aromatics 2.3 1.93 0
>C10 Aromatics 0 0 0
High boiling aromatics 0.09 0.08 0
total oxygenates 0 0 0
t-butanol 0 0 0
s-butanol 0 0 0
i-butanol 0 0 0
n-butanol 0 0 0
i-propanol 0 0 0
n-propanol 0 0 0
ethanol 0 0 0
methanol 0 0 0
DIPE 0 0 0
TAME 0 0 0
ETBE 0 0 0
MTBE 0 0 0
Ethane 0 0 0
